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Introduction 


Speckle  Interferometry  can  now  be  used  to  produce  images 
with  spatial  resolution  of  order  100x  sharper  than  that  normally 
permitted  by  the  Earth's  atmosphere.  In  this  work  we  achieved 
high  resolution  imaging  capability  (wavelength  dependent:  60  nrad 
at  410  nm)  and  approached  that  resolution  in  imaging  a 
geosynchronous  communications  satellite  utilizing  the  Multiple 
Mirror  Telescope  (MMT)  and  the  Fienup  method.  This  report  is  in 
the  form  of  an  annotated  review  of  the  fully  published  results  of 
that  work. 

In  section  2  we  summarize  the  accomplishment  of  all  of  the 
proposed  technical  objectives:  i)  construction  of  a  fully  co¬ 
phased  optical  be  am- comb i ner  for  implementation  of  the  6.9m 
aperture  imaging  capability  of  the  MMT,  ii)  implementation  of 
image  reconstruction  methodology,  iii)  a  100  nrad  resolution 
image  of  the  geosynchronous  Earth  satellite  FLT SATCOM 1 ,  and  iv) 
designs  for  systems  to  accomplish  in  real-time  the  data 
integrations  necessary  for  Fienup  and  Knox-Thompson  image 
reconstructions . 

In  section  3  we  summarize  the  accompl ishment  of  the  proposed 
scientific  objectives:  i)  seeing  calibration,  ii)  applications  of 
seeing  calibration  techniques  and  refinements  of  the  shift-and- 
add  method  in  studies  of  red  supergiants,  and  iii)  use  of  the 
Knox-Thompson  algorithm  to  produce  the  first  scientifically 
useful  images  of  the  surface  of  the  asteroid  4  Vesta. 

Conclusions  and  acknowledgments  follow  in  sections  4  and  5. 
The  abstracts  of  the  publications  from  this  research  effort  are 
contained  in  section  6. 


2.  All  Proposed  Objectives  are  Met 


2.1  The  MMT  Interferometer  is  Completed 

The  starting  point  for  this  work  was  the  successful 
cophasing  of  the  MMT  described  in  detail  by  Hege,  Beckers, 
Strittmatter  and  McCarthy  (1985).  In  a  related  publication, 
Beckers  and  Hege  (1984),  described  other  possible  MMT  type 
aperture  configurations  and  an  internal  cophasing/coalignment 
system  for  MMT  type  telescopes  was  proposed. 

The  first  successful  imaging  experiments  utilized  the 
technique  of  differential  speckle  imaging  (developed  in  a 
parallel  NSF  funded  effort).  The  technique,  summarized  by 
Hebden,  Hege,  and  Beckers,  (1985),  yielded  the  first  MMT 
d  i  f f r ac t  i on- 1 im i t ed  images  of  the  surface  structure  of  Alpha 
Orionis.  This  work  was  further  reported,  together  with 
engineering  performance  details  in  two  other  technical  reports  by 
Hebden,  Hege  and  Beckers  (1986a, b). 


The  successful  operation  of  the  fully  implemented  co-phasing 
and  co-alignment  systems,  which  complete  the  MMT  for 
interferometric  imaging  applications,  was  reported  by  Janes  and 
Montgomery  (1987)  who  also  provide  further  engineering 
performance  details.  The  present  configuration  of  the  MMT  for 
coaligned,  cophased  speckle  imaging  is  shown  in  figure  1. 
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Figure  1.  The  coaligned,  cophased  Multiple  Mirror  Telescope. 

Since  the  differential  speckle  interferometry  program, 
developed  concurrently  with  this  project,  was  supported  entirely 
with  National  Science  Foundation  funds,  it  is  not  further 
reviewed  here. 
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2.2  An  Image  Reconstruction  Program  is  Successful 


During  the  course  of  this  project  Christou,  Hege,  Freeman 
and  Ribak  { 1 98 5 , 1 9 8 6 a , b)  implemented  a  variation  of  the  shift- 
and-add  method,  incorporating  weighting  and  deconvolution,  which 
produces  very  accurately  diffraction  limited  images,  self- 
calibrated  for  seeing  effects  without  reference  to  a  second 
measurement  of  a  point  source.  This  method  was  demonstrated  to 
be  particularly  applicable  to  bright  objects  with  simple 
structure  (a  single  bright  feature).  Ribak,  Hege  and  Christou 
(1985)  and  Ribak  (1986)  proposed  and  demonstrated  an  extension  of 
that  we ighted-sh i f t-and-add  method  utilizing  a  ma tched- f i 1 te r 
technique  to  accomodate  structures  with  more  than  a  single  bright 
feature. 

Code  for  both  weighted-shif t-and-add  with  deconvolution  of 
seeing  effects  (WSA/D)  ,  as  well  as  the  matched-filter  variation 
thereof  which  also  extends  its  applicability  to  faint  objects,  is 
now  implemented  as  Fortran77  processes  on  the  Steward  Observatory 
Data  General  MV10000  computing  system.  These  are  adaptable  for 
implementation  on  supercomputers.  Hege  and  Christou  (1986) 
reviewed  signal  processing  requirements  for  diffraction  limited 
optical  imaging. 

In  related  work  Christou,  Hege,  Freeman  and  Ribak  (1985) 
demonstrated  the  dynamic  range  and  fidelity  of  images  from 
astronomical  speckle  data  using  weighted  shif t-and-add  analysis. 
Freeman,  Ribak,  Christou  and  Hege  (1985)  gave  a  statistical 
analysis  of  the  weighted  shi f t-and-add  image  reconstruction 
technique . 

An  implementation  of  the  conventional  sh i f t-and-add  method, 
modified  to  shift  on  image  centroids  rather  than  the  brightest 
feature,  was  used  successfully  by  Shaklan  and  Hege  (1986)  for  a 
1 ow- r eso 1 u t i on ,  but  photon-noise  limited,  detection  of  the 
lensing  galaxy  in  the  triple  QSO  PG1115+08. 

2.3  A  Geosynchronous  Satellite  is  Imaged  and  Measured 

Hege  and  Eckart  (1987)  described  the  acquisition  and 
calibration  of  a  diffraction  limited  image  of  FLT SATCOM 1  using 
the  MMT  and  Fienup  phase  reconstruction  methods.  That  work  was 
also  reported,  together  with  a  summary  of  recent  MMT  performance 
and  further  imaging  results  on  Alpha  Orionis,  by  Hege,  McCarthy, 
Hebden  and  Christou  (1987). 

FLT  SATCOM 1  was  observed  at  elevation  50°,  azimuth  160°  from 
Mt.  Hopkins  on  4  Nov  85  UT.  The  observations  were  made  using  the 
coherently  cophased  MMT  (Hege  e_t  al_.  1985).  Four  20  minute 
segments  of  video  data  were  recorded  with  a  10  nm  bandpass 
centered  at  550  nm  using  the  Steward  Obser v a t o r y/AFGL  speckle 
camera.  The  image  intensifier  system  was  operated  at  full  gain 
so  that  individual  photoelectron  events  could  easily  be  localized 
in  the  video  raster,  using  the  off-line  digital  video  data 
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Experience  showed  that  the  open-loop  phasing  model  worked  well 
for  elevation  differences  as  large  as  10°  and  was  essentially 
independent  of  azimuth  variations.  The  large  angles  (and  times) 
between  object  and  reference  observations  made  the  point  source 
observations  of  little  use  in  detailed  see i ng  calibrations, 
however . 

The  autocorrelation  function  analysis,  self-correction  for 
seeing,  and  Fienup  image  reconstruction  are  being  published  in 
detail  by  Hege  and  Eckart  (1987).  Our  estimate  of  the  image  size 
is  taken  from  the  2  sigma  contours  of  the  images  shown  in  Fig.  2. 
The  estimate  of  precision  corresponds  to  the  mean  contour  spacing 
at  the  2  sigma  contour.  The  computed  beam  size  at  the  object  is 
3  m.  We  define  the  S i g na 1 - to- no i se  ratio  =  SNR  =  Brightest 
Feature  /  Backgrounbd  Noise.  This  measurement  gives  convincing 
precision,  judged  from  the  degree  of  r epr oduceab i 1 i ty  of  the 
contours  compared  to  the  telescope's  diffraction  limited  beam 
size  plotted  at  the  same  scale.  The  reduction  of  the  first  data 
segment  compares  favorably  with  the  reduction  of  the  last 
segment . 

Major  Axis:  13.0+2. 3m 
Minor  Axis:  7.4jf2.3m 
Position  Angle:  3.5  degrees 
SNR:  6 

The  position  angle  is  with  respect  to  the  elevation  great  circle 
defined  by  the  telescope,  FLTSATCOM1  and  Zenith. 
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Schematic  outline  of  FLTSATCOM 1  compared  to  our  first 
reconstructed  MMT  image.  The  circle  gives  the 
diffraction  limited  MMT  beam  size  (=  3  m  at  geosyn¬ 
chronous  range)  . 
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We  made  no  attempt  to  calibrate  image  amplitudes  or  to 
obtain  quanatitative  estimates  of  the  relative  albedos  of  the 
identifiable  components  of  our  images.  There  is  qualitative 
evidence  i)  that  the  central  component  is  brighter  than  the 
extended  features,  ii)  for  asymmetry  corresponding  to  the 
unresolvable  component  offset  from  the  main  object,  iii)  that, 
due  to  the  solar  phase  angle,  there  appear  to  be  strong 
brightness  fariations  across  the  central  object,  and  iv)  that  the 
extended  components  do  not  reflect  equally.  Figure  3  compares 
out  first  image  contour  plot  to  a  schematic  repr esen t a t  i  o  i  n  of 
FLTSATCOMl . 


2.4  Real-time  Data  Processing  is  Proposed 

We  have  implemented  the  digital  video  photon-detection 
(photon  image  cordinates)  system  proposed  in  the  previous  work  by 
Macklin,  Hege  and  Strittmatter  (1982),  and  in  this  effort  Hege 
and  Vokac  (1986)  published  a  new  proposal  for  real-time  Knox- 
Thompson  integration.  The  Full-FFT  implementation  proposed  by 
Hege,  Cocke,  Strittmatter  and  Worden  (1983)  in  the  previous  work 
could  realize  the  full  dynamic  range  from  the  brightest-  to  the 
faintest-possible  applications;  a  more  economical  complex 
autocorrelator  which  can  realize  the  necessary  integrations  for 
faint  objects  (photon  image  coordinate  data  only)  is  the  design 
result  of  this  work. 

The  continuing  development  of  high-performance  image 
intensif iers  reported  by  Cromwell,  Funk,  Frank,  Strittmatter, 
Allen,  Hege  and  Marien  ,(1985),  leading  to  a  proposal  for  a 
proximity  focused  image  intensifier  for  astronomy,  is  crucial  to 
the  successful  implementation  of  future  h i gh- reso 1 u t i on  imaging 
over  the  full  isoplanatic  patch  permitted  by  the  Earth's 
a  tmosphere . 

Cromwell  (1986)  has  also  made  progress  toward  solving  the 
lost  photon  problem  in  image  i  n t ens i f i e r s ,  which  is  crucial  in 
achieving  good  performance  at  the  photon-starved  faint  object 
limit. 


3.  A  Productive  Scientific  Program  is  Published 

In  the  course  of  developing  and  validating  the  methods 
successfully  applied  to  achieve  the  primary  goal  of  imaging 
artificial  Earth  satellites  using  the  full  resolving  power  of  the 
MMT,  other  scientific  investigations  were  conducted. 

3.1  Atmospheric  Calibrations 

Christou,  Cheng,  Heqe  and  Roddier  (1985)  accomplished  a 
seeing  calibration  of  the  image  centroids  of  optical  astronomical 
speckle  interferometric  data  against  rotationally  sheared  pupil 


plane  interferometry  obtained  concurrently.  This  led  to  methods 
for  binning  the  data  according  to  a  measure  of  the  instantaneous 
seeing  in  order  to  calibrate  speckle  interferometry  under 
conditions  of  variable  seeing.  In  Christou  and  Hege  (1986) 
isoplanicity  measurements  for  calibration  of  speckle  holography 
amplitudes  were  reported. 

The  complications  of  noise  bias  and  seeing  calibrations  for 
speckle  interferometry  of  faint  object  (photon  Poisson  statistics 
limited)  were  studied  by  Hege,  Eckart  and  Christou  (1986). 


3.2  Red  Supergiant  Images 

In  addition  to  the  technique  validation  results  noted  above 
in  discussing  the  MMT  performance,  scientifically  interesting 
results  were  reported  in  the  archival  literature.  Hebden, 
Christou,  Cheng,  Hege,  St r i t tmat ter  ,  Beckers  and  Murphy  (1986) 
presented  a  sequence  of  two  dimensional  images  of  Alpha  Orionis 
obtained  by  various  methods  and  with  various  telescopes.  Cheng, 
Hege,  Hubbard,  Goldberg,  Strittmatter  and  Cocke  (1986)  reported 
the  first  direct,  albeit  noisy,  limb-darkening  measures,  as  well 
as  direct  evidence  of  a  constant  (wavelength  independent) 
photospheric  diameter,  for  Alpha  Orionis.  In  our  latest  work, 
Hebden,  Eckart  and  Hege  (1987),  we  1 1 - reso 1 ved  images  of  the  H- 
alpha  chromosphere  of  Alpha  Orionis,  as  well  as  of  the  limb- 
darkened  photosphere,  are  shown.  The  original  4m  telescope 
observations  taken  early  in  the  previous  segment  of  this 
continuing  AFGL  study  have  only  now  been  fully  and  completely 
analyzed  with  the  WSA/D  method  by  Christou,  Hebden  and  Hege 
(1987),  yielding  the  first  set  of  mu  1 t i -wa ve 1 eng th  images  of 
Alpha  Orionis. 

The  Alpha  Orionis  work  was  also  reported  at  i  nter na t i ona  1 
conferences  by  Hege,  Hebden  and  Christou  (1986)  and  by  Hebden, 
Hege  and  Eckart  (1987). 


3.3  Asteroid  Shapes  and  Images 

Power  spectrum  modelling  was  used  by  Drummond,  Cocke,  Hege, 
Strittmatter  and  Lambert  (1985)  to  obtain  the  figure  and  pole 
orientation  of  433  Eros.  That  work  also  yielded  the  formalism 
for  greatly  enhanced  techniques  for  analyzing  the  object  shape 
and  orientation  information  content  of  integrated  photometric 
observations.  That  technique  was  further  applied  by  Drummond, 
Hege  and  Freeman  (1985)  to  532  Herculina,  yielding  the  first 
direct  evidence  for  surface  structure  on  an  asteroid  (hinted  by 
significant  deviations  in  the  details  of  the  model  fits  in  the 
previous  work  on  Eros).  The  Drummond  and  Hege  (1986)  work  on  511 
Davida  showed  still  more  evidence  for  surface  structure  (albedo) 
variation. 

In  a  detector  evaluation  experiment  in  collaboration  with 
the  Harvard  University  speckle  interferometry  group,  and  using 


the  Knox-Thompson  imaging  method,  Drummond,  Eckart  and  Hege, 
(1987)  successfully  reconstructed  images  of  4  Vesta.  This  work 
is  particularly  significant  because  the  set  of  dark  and  bright 
features  inferred  from  that  imagery  unambiguously  showes  Vesta's 
period  to  be  5  hr.  This  resolved  a  longstanding  5  or  10  hr 
rotational  period  ambiguity  in  the  possible  interpretations  of 
lightcurve  data  alone.  Furthermore,  that  set  of  features  not 
only  correctly  predicts  the  Lightcurve  observed  at  that 
opposition,  but  it  also  successfully  predicts  lightcurves 
measured  at  other  oppositions.  A  surprising  result  is  that  the 
lightcurve  minimum  occurs  at  a  maximum  of  the  projected  area  of 
Vesta's  figure  due  to  the  effect  of  dark  surface  features. 


4.  Conclusions 

The  objectives  of  this  work,  i)  to  demonstrate  the  use  of 
the  Multiple  Mirror  Telescope  for  diffraction  limited  imaging, 
ii)  to  apply  appropriate  techniques  to  yield  an  image  at  that 
resolution  of  an  Earth  orbiting  satellite,  and  iii)  to  design  a 
system  capable  of  the  real-time  image  integrations  necessary  for 
imaging  of  deep-space  objects,  have  been  achieved.  Also  iv)  a 
scientific  observing  program  was  conducted  simultaneously  in  a 
parallel  effort,  the  productivity  of  which  was  enhanced  by  this 
AFGL  supported  program. 
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ABSTRACT 

We  describe  recent  progress  with  interferometric 
imaging  using  the  Multiple  Mirror  Telescope  (MMT).  All 
six  telescopes  can  now  be  phased  over  a  wide  field  of  view 
simultaneously  resulting  in  a  (u,  v)  plane  coverage 
corresponding  to  that  of  a  686  cm  aperture  telescope.  We 
describe  the  open-loop  phasing  control  of  the  MMT  for 
gravitational  changes  and  we  describe  a  concept  of  an 
internal  c opha s  i ng /coa 1 i gnmen t  system  for  MMT  type 
telescopes. 
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DIAMETER  AND  LIMB-DARK ENTNG  MEASURES  FOR  ALPHA  ORIONIS 

A.  Y.  S.  Cheng,  E.  K.  Hege,1  E.  N.  Hubbard,1  L.  Goldberg,2  P.  A,  Strittmatter,1  and  W.  J,  Cocke 
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ABSTRACT 

Previously  reported  speckle  interferometric  measurements  of  (he  angular  diameter  of  a  Ori  are  widely  scat¬ 
tered  and  apparently  inconsistent.  Stellar  atmosphere  models  predict  a  stellar  disk  to  be  limb-darkened  differ¬ 
ently  for  different  spectral  features,  and  that  less  limb-darkening  will  be  observed  at  longer  wavelengths.  Upon 
careful  analysis  of  calibrated  speckle  observations  obtained  at  various  wavelengths  with  the  KPNO  4  m  tele¬ 
scope,  we  find  a  single  diameter  parameter  to  be  inadequate  to  explain  all  of  the  features  of  our  measure¬ 
ments.  There  is  evidence  for  a  central  stellar  component  of  42. 1(±  LI)  mas  diameter  with  extended  structure 
surrounding  it.  Limb-darkening  effects  are  suggested  by  attempts  to  fit  cosine  model  image  profiles  to  the  data 
which  yield  limb-darkening  coefficients  ranging  from  ~0.9  in  TiO  absorption  bands  to  ~0.4  in  Ca  n  absorp¬ 
tion  lines.  These  fits  have  significant  residuals  at  large  radii  suggesting  a  faint  envelope  extending  from  1  to 
5  Rt,  although  calibration  errors  cannot  be  ruled  out  entirely.  There  is  a  suggestion  of  wavelength  dependence 
in  single-parameter  diameter  measures  with  a  linear  coefficient  of  —  6<  +  I)  x  10  J  mas  nm  '.  Possible 

model-dependent  biases  in  these  results  are  discussed. 

Subject  headings:  interferometery  stars,  diameters  —  stars:  individual  stars,  supergiants 
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SEEING  CALIBRATION  OF  OPTICAL  ASTRONOMICAL  SPECKLE  INTERFEROMETRIC  DATA 
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ABSTRACT 

In  this  paper  we  show  the  effect  of  different  seeing  conditions,  as  parametrized  by  the  atmospheric 
coherence  scale  /■„,  upon  standard  Labeyrie  (1970)  analysis  for  independent  observations  of  both  a 
resolved  object  and  its  point-source  calibrator.  Atmosphere-dependent  effects  are  shown  by  using  both 
models  and  data.  We  show  how  to  sort  the  data  into  like-seeing  bins  in  order  to  produce  a  calibrated- 
unage  power-spectrum  estimate.  We  also  justify  using  a  stronger  weighting  of  intermediate  spatial 
frequencies  in  the  image  power-spectrum  estimator  when  fitting  physical  parameters  constrained  by 
image  models  to  characterize  the  object.  The  use  of  data-editing  techniques  to  eliminate  bad  speckle- 
grams,  thus  improving  the  image  power-spectrum  estimate,  is  also  discussed. 
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Abstract 

We  have  used  a  recently  developed  high-spatial  resolution  imaging  tech¬ 
nique,  known  as  Weighted  Shift-and-add,  to  obtain  diffraction-limited  images 
of  the  red  supergiant  a  Orionis  at  the  resolution  of  the  KPNO  Mayall  4  m  tele¬ 
scope.  Images  were  obtained  at  six  different  bandpasses  and  the  measured  disk 
diameters  agree  to  within  a  few  %  of  the  values  obtained  from  the  previously 
published  power  spectrum  and  autocorrelation  analysis  of  the  same  data  set. 
From  the  major  and  minor  axes  of  models  fit  to  the  intensity  profiles,  we  obtain 
asymmetry  measures  of  both  the  disk  and  envelope  components  of  4(±2)%  and 
37(±13)%  respectively.  In  addition  we  have  searched  for  the  proposed  nearby 
companion  but  our  data  shows  no  direct  evidence  of  it  suggesting  an  upper 
limit  to  the  magnitude  difference  of  4.5. 

Subject  headings:  interferometry  -  stars:  diameters  -  stars:  individual 
stars:  supergiants 
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ISOPLANICITY  MEASUREMENTS  EOR  C  ALIBRATION 
OF  SPECKLE  HOLOGRAPHY  AMPLITUDES 
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We  show  how  (he  technique  of  astronomical  speckle  holography  is  dependent  upon  ihe  degree  of  isoplanicity  between  the 
object  and  the  discrete  point  source.  A  well  calibrated  measurement  of  the  degree  of  correlation  between  two  quasi-inslant.i- 
neous  simultaneous  point  source  speckle  patterns  (separation  =  2  6")  are  presented  to  illustrite  this  non-isoplanalic  effect  as  j 
function  of  the  spatial  frequency  This  two-dimensional  measurement  is  in  qualitative  agreement  with  previously  compute  1 
models  and  shows  a  high  degree  of  correlation  at  seeing  dominated  frequence  with  a  severe  attenuation  (but  not  total  loss  of 
correlation)  for  frequencies  approaching  the  diffraction  limit  We  show  how  such  measurements  may  be  used  to  rtweiglu 
(calibrate)  the  Fourier  amplitude  of  a  speckle  holographic  image  observed  under  similar  seeing  conditions  in  order  to 
compensate  for  the  non-isopljnatic  degradation  at  high  spatial  frequencies 
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Abstract 

We  have  applied  a  variant  of  the  Sh i f t-and-Add  algorithm  originally  developed  by 
Uynds,  Worden  &  Harvey  to  astronomical  speckle  interferometric  data.  A  set  of  impulses 
corresponding  in  location  and  magnitude  to  the  local  maxima  in  each  specklegram  is 
generated  and  used  to  obtain  an  average  speckle  by  means  of  a  Wiener-type  filter 
deconvolution  procedure.  This  technique  yields  diffraction  limited  images  which  appear 
to  be  self  calibrating  for  seeing  effects.  Realistic  point  spread  functions  have  been 
obtained  for  a  number  of  telescopes  at  different  wavelengths  and  results  are  also 
presented  for  the  resolved  red  supeegiant  Alpha  Orionis.  The  limiting  signal-to-noise  of 
the  technique  as  indicated  by  the  results  presented  here  suggests  a  dynamic  range  of  “6 
stellar  magnitudes  with  no  evidence  of  residual  seeing  effects. 
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imaging 


Julian  C.  Christou,*  E  Keith  Hege,f  Jonathan  !).  Freeman,  and  Erez  Ribak 

Steward  ObsiTv.ilorv .  I  Imvrrsity  of  Arizona.  l'iu  sor,  Arizona  85/21 
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An  image  reconstruction  technique  for  astronomical  speckle  interferometric  data  is  described  This  variant  of  (he 
shTand  add  algorithm  originally  developed  by  Lynda  e(  ol.  (Astrophys.  .1  207.  174  <1976 I  ^  e 

impulse  distribution  of  speckle  positions  to  extract  an  average  speckle  for  a  data  set  Th.s '8 .^UerTm  bv  he 
weighted  deconvolution  procedure.  similar  in  form  to  a  Weiner  filter,  which  deconvolves  the ^Uegram ^by  the 
impulse  distribution  Revolts  show  that  ibis  rn.ih.Ki  appears  to  be  self  calibrating  for  seeing  effact*  It  > W» 
point-spread  functions,  for  observations  ■  t  an  unresolved  star,  that  compare  quantitatively  with  compute l  Airy 
patterns  for  both  simple  apertures  and  the  fully  phased  multiple  m.rror  telescope  array  Images  of  the  resolved 
object  Alpha  Orionis  show  evidence  of  an  extended  stellar  envelope. 


Images  from  astronomical  speckle  data:  weighted 
shift-and-add  analysis 


J.  C.  Christ  ou 
ERibak 
E.  K.  Hege 
J.  0.  Freeman 
Steward  Observatory 
University  of  Arizona 
Tucson,  Arizona  85721 


Abstract.  We  have  applied  a  variant  of  the  shift-and-add  algorithm  origi¬ 
nally  developed  by  Lynds,  Worden,  and  Harvey  [Astrophys.  J.  207,  174 
(1976))  to  astronomical  speckle  interferometric  data.  A  set  of  impulses 
corresponding  in  locations  and  magnitudes  to  the  local  maxima  in  each 
specklegram  is  generated  and  used  to  obtain  an  average  speckle  by 
means  of  a  Wiener-type  filter  deconvolution  procedure.  This  technique 
yields  diffraction-limited  images  that  appear  to  be  self-calibrating  for  see¬ 
ing  effects.  Realistic  point  spread  functions  have  been  obtained  for  a 
number  of  telescopes  at  different  wavelengths,  and  results  are  also  pre¬ 
sented  for  the  resolved  red  supergiant  Alpha  Orionis.  The  limiting  signal- 
.to-noise  ratio  of  the  technique  as  indicated  by  the  results  presented  here 
suggests  a  dynamic  range  of  =»6  stellar  magnitudes,  with  no  evidence  of 
residual  seeing  effects.  A  matched  filter  technique  is  demonstrated  for  use 
in  locating  the  speckles  of  complicated  objects  or  for  objects  dominated 
by  photon  noise. 

Subject  terms:  speckle;  speckle  imaging;  shift-and-add;  seeing  calibration;  as¬ 
tronomy. 

Optical  Engineering 2516).  724-730  (June  1986J. 
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Toward  solving  the  lost  photon  problem  in  image  intensifiers 

R.  H.  Cromwell 

Steward  Observatory,  University  of  Arizona 
Tucson,  Arizona  85721 


Abstract 


A  summary  is  given  of  measurements  of  the  photoe 1 ectron  counting  efficiency  of  a  variety 
of  image  intensifiers  manufactured  by  several  different  manufacturers.  With  one  excep  '.on, 
the  counting  efficiency  is  disappointingly  low.  Typically  only  slightly  over  half  c  the 
photoelectrons  from  the  first  photocathode  produce  a  detectable  signal  on  the  output 
phosphor  screen  in  most  diode-type  intensifiers.  For  microchannel  plate  intensifiers,  the 
counting  efficiency  is  even  less.  Results  are  given  of  experiments  intended  to  produce 
diode-type  intensifiers  having  improved  counting  efficiency.  Improvements  have  been 
achieved  through  refinements  in  the  manufacturing  steps  of  the  phosphor  screen,  the  tube 
component  identified  as  responsible  for  the  lost  photoelectron  pulses  in  diode-type  tubes. 
The  best  tubes  so  far  have  counting  efficiencies  of  70%,  which  represent  an  improvement  by 
a  factor  of  about  1.4. 
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A  Proximity-Focused  Image  Intensifier  for  Astronomy 


R.  H.  CROMWELL.  P.  A.  STRITTMATTER,  R.  G.  ALLEN,  E.  K.  HEGE,  H.  RUHR, 

and  K.-H.  MAR1EN  + 


Steward  Observatory.  The  University  of  Arizona.  Tucson.  Arizona,  U.S.A. 

and 


H.  W.  FUNK  and  K.  FRANK 

f'roxitronic-F ttnk  GMhH  <<  Co.  KG,  Weiterstadtl  Darmstadt .  Federal  Republic  of  Germany 


Introduction 


Image  intcnsifiers  are  currently  the  primary  detector  for  ground-based 
optical  astronomy.  They  are  used  with  photographic  emulsions  and  with 
various  electronic  readout  systems,  as  in  the  Wampler-Robinson  scanner 
(image  dissector),1  the  Boksenberg  IPCS  (Plumbicon),?  and  the  Shectman5 
and  the  Steward  Observatory4  scanners  (Reticon).  The  image  intensifier 
offers  the  advantages  of  reasonably  high  quantum  efficiency,  essentially 
noise-free  amplification  to  very  high  gain  values  and  suitability  for  rapid 
readout.  Although  the  CCD  offers  significantly  better  detective  quantum 
efficiency  in  certain  applications,  especially  for  medium  to  high  signal-to- 
noise  ratio  observations  at  wavelengths  above  4000-4500  A,  there  are 
nonetheless  a  number  of  astronomical  problems  for  which  the  image  in¬ 
tensifier  is  likely  to  remain  superior.  These  include  any  problems  in  which 
it  is  necessary  to  read  out  rapidly,  as  for  example  in  speckle  interferome¬ 
try,  polarimetry,  and  high-resolution  photon-counting  centroidcd  spec¬ 
troscopy.  It  also  seems  likely  that,  in  the  UV  spectral  range  (A  <  4000  A) 
the  DQIE  of  image  intcnsifiers  will  remain  competitive  with  that  of  CCDs 
for  some  time  to  come. 

At  Steward  Observatory  we  have  tested  a  variety  of  image  intcnsifiers 
that  are  commercially  available  or  underdevelopment.  Tables  I  and  II  list 
the  major  design  types  we  have  examined,  and  give  a  summary  of  our  test 
results,  some  of  which  have  been  reported  elsewhere.'"11 
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Speckle  Interferometry  of  Asteroids 

I.  433  Eros 

J.  D.  DRUMMOND.  W.  J.  COCKE,  E.  K.  HEGE.  and  P.  A.  STRITTMATTER 

Steward  Observatory.  University  of  Arizona.  Tucson.  Arizona  SS72t 


J.  V.  LAMBERT 

Department  of  Astronomy,  New  Mexico  State  University.  Las  Croces.  New  Mexico  8S00J 
Received  May  4.  1984;  revised  Sepiember  1 1.  1984 


Analytic  expressions  for  the  semimajor  and  semiminor  axes  and  an  orientation  angle  of  the 
ellipse  projected  by  a  triaxial  ellipsoid  (an  asteroid)  and  of  the  ellipse  segment  cast  by  a  terminator 
across  the  ellipsoid  as  functions  of  the  dimensions  and  pole  of  the  body  and  the  usterocenteric 
position  of  the  Earth  and  Sun  are  derived.  Applying  these  formulae  to  observations  of  the  Earth- 
approaching  asteroid  433  Eros  obtained  with  the  speckle  interferometry  system  of  Steward  Obser¬ 
vatory  on  December  17-18.  1981.  and  January  17—18.  1982.  the  following  dimensions  are  derived: 
(40.3  t  3.1  km)  x  (|4.J  :  2.3  km)  x  (14.1  t.  2.4  km).  Eros'  north  pole  is  found  to  lie  within  14*  of 
RA  »  0*16“  Dec.  «  +43*  (ecliptic  longitude  23*.  latitude  +37*).  Other  than  knowing  the  rotation 
period  of  Eros,  these  results  are  completely  independent  of  any  other  data,  and  in  the  main  confirm 
the  results  obtained  in  the  1974-1973  apparition  by  other  methods.  These  dimensions,  together 
with  a  ligh'curve  from  December  18.  1981,  lead  to  a  geometric  albedo  of  0.136  =  0.010.  A  series  of 
two-dimensional  power  spectra  and  autocorrelation  functions  of  the  resolved  asteroid  clearly  show 
it  spinning  in  space,  o  isas  AoStWc  frets.  toe. 
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Speckle  Interferometry  of  Asteroids 

II.  532  Herculina 

J.  D  DRUMMOND,  E,  K.  HEGE,  W.  1 .  COCKE.  J.  I).  ,  Ki  t  M  AN 
and  J.  C.  CHRISTOU1 

Steward  Observatory.  University  of  Arizona.  Tucson.  Arizona  #372/ 

and  R.  p.  8INZEL 

Department  of  Astronomy.  Un, vers, ty  of  Texas.  Austin.  Texas  7X712 
Received  May  21,  1984;  revised  October  5,  |984 

Speckle  interferometry  of  332  Herculma  performed  on  January  17  and  lx  i«s  , , 
ellipsoid  dimensions  of  (263  i  14)  x  <218  *  IV  x  ns  -  5  .  d  S '  IWi-  -v,cWs  ,n3,ll«l 

within  7”  of  RA  =  7M7“and  DEC  =  nc  L  ^ km,  and  a  north  pole  for  the  as.ero.d 
"spot"  some  75%  bnghter  than  the  reZ  The  '  l  T  ?'  *  ’  l,r*  '  -idmon.  a 

and  Hercuhna  s  lightcurve  history  This  bnoht  e  er°'i  'S  m  fr°m  bo,h  s(Kckle  observations 
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Speckle  Interferometry  of  Asteroids 
III.  511  Davida  and  Its  Photometry 
J.  D.  DRUMMOND  and  E.  K.  HEGE 

Steward  Observatory,  University  o]  Arizona,  Tucson,  Arizona  85721 
Received  May  23.  1985;  revised  March  24.  1986 

511  Davida  was  observed  with  the  technique  of  speckle  interferometry  at  Steward  Observatory’s 
2.3-m  telescope  on  May  3.  1982.  Assuming  Davida  to  be  a  featureless  triaxial  ellipsoid,  based  on 
five  7-min  observations  its  triaxial  ellipsoid  dimensions  and  standard  deviations  were  found  to  be 
(465  ±  90)  x  (358  ±  58)  x  (258  *  356)  km.  This  shape  is  close  to  an  equilibrium  figure  (a 
gravitationally  shaped  "rubble  pile?")  suggesting  a  density  of  1.4  ±  0.4  g/cmf  Simultaneously  with 
the  triaxial  solution  for  the  size  and  shape  of  Davida.  we  found  its  north  rotational  pole  to  lie  within 
29°  of  RA  =  I9*08m,  Dec  =  +  15°  (X  =  291°,  0  =  +  37°).  If  Davida  is  assumed  to  be  a  prolate  biaxial 
ellipsoid,  then  its  dimensions  were  found  to  be  (512  ±  100)  x  (334  ±  39)  km,  with  a  north  pole 
within  16°  of  RA  =  IOl'52l",  Dec  =  +16°  (X  =  322°,  /3  =  +32°).  We  derive  and  apply  to  Davida  a 
new  simultaneous  amplitude-magnitude  (SAM)-aspect  method,  finding,  from  photometric  data 
only,  axial  ratios  of  alb  =  1.25  ±  .02,  b/c  =  1.14  ±  03,  and  a  rotational  pole  within  4°ofX  =  307°,  0 
=  +32°.  We  also  derive  a  (weighted)  linearized  form  of  the  amplitude-aspect  relation  to  obtain 
axial  ratios  and  a  pole.  However,  amplitudes  must  be  known  to  better  than  .01  if  the  blc  or  ale 
ratios  are  desired  to  better  than  10%.  Combining  the  speckle  and  SAM  results,  we  find  for  the 
Gehrels  and  Tedesco  phase  function  a  geometric  albedo  of  .033  ±  009  and  for  the  Lumme  and 
Bowell  function  .041  ±  Oil,  for  a  unified  model  of  437  x  350  x  307  km.  Differences  between  the 
photometric  and  speckle  axial  ratios  and  poles  are  probably  due  to  the  effects  of  albedo  structure 
over  the  asteroid;  details  on  individual  lightcurves  support  this  conclusion,  c  ivw.  Academic  Press,  tnc. 
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Speckle  Interferometry  of  Asteroids. 

IV.  Reconstructed  Images  of  4  Vesta 

J.  Drummond,  A.  Eckart,  and  E.K.  Hege 
Steward  Observatory,  University  of  Arizona,  Tucson,  Arizona  85721 


Abstract 

The  first  glimpses  of  an  asteroid’s  surface  have  been  obtained  from  images  of  4 
Vesta  reconstructed  from  speckle  interferometric  observations  made  on  November  16 
and  17,  1083,  using  Steward  Observatory’s  2.3m  telescope  coupled  with  Harvard’s 
PAPA  camera.  From  power  spectrum  analysis  of  the  ten  images  Vesta  is  found  to 
have  a  ’normal’  triaxial  ellipsoid  shape  of  584(±16)x53l(±ll)x467(±12)  km.  Its 
rotational  pole  lies  within  4°  of  R.A.=21,‘  00m  ,  Dec. =+41°  (Ecliptic  long. =336°, 
lat.=+55°).  Our  observations  definitely  support  a  5hr  20.5min  rotational  period, 
and  do  not  fit  one  twice  as  long. 

Reconstructed  images  reveal  dark  and  bright  patt-  rns,  reminiscent  of  the  Moon, 
which  can  be  followed  across  the  disk  as  the  asteroid  rotates.  By  placing  circular 
‘spots’  with  diameters  of  135km  (=0.11  arcsec,  the  effective  resolution)  over  three 
dark  and  three  bright  features,  and  assigning  albedos  (relative  to  the  surrounding 
material)  of  0  to  the  dark  spots  and  2  to  the  bright  spots  (except  one  with  an 
albedo  of  1.2),  we  are  nearly  able  to  match  its  visible  lightcurve.  It  only  requires 
an  additional  bright  spot  deep  in  Vesta’s  southern  hemisphere,  an  area  not  visible 
during  our  observations,  to  provide  a  near  perfect  match  to  all  low  solar  phase 
angle  lightcurves  ever  obtained  of  this  asteroid.  At  phase  angles  greater  than  about 
10°  the  observed  amplitude  becomes  greater  by  up  to  0.02  mag.  The  dark  areas 
so  dominate  one  face  of  Vesta  that  a  minimum  in  the  lightcurve  occurs  when  the 
maximum  cross-sectional  area  is  visible.  Its  lightcurve  is  determined  primarily  by 
albedo  structure  rather  them  shape,  leading  to  one  maximum  and  one  minimum  per 
rotation  instead  of  the  expected  two  of  each  associated  with  its  triaxial  ellipsoid 
shape. 


Statistical  Analysis  of  the  Weighted  Shjft  and 
Add  Image  Reconstruction  Technique 

J.D. Freeman,  E.RiDak,  J .C.Ch r i s t on* * ,  E.K.Hege* 

Steward  Observatory,  University  of  Arizona,  Tucson,  Az  85721 

Abstract 

The  Weighted  Sh i f t -a nd - Add  algorithm  (WSA)  is  an  image  reconstruction  technique 
whereby  diffraction  limited  images  of  astronomical  objects  are  obtained  from  speckle 
interferometric  data. 

< 

This  paper  attempts  to  put  the  understanding  of  WSA  on  a  firm  mathematical  basis  by  a 
statistical  analysis  of  the  algorithm.  The  approach  follows  that  of  the  Hunt,  Fright, 
and  Bates  study  carried  out  for  the  Simple  Shift-and-Add  algorithm.  The  expected  WSA 
profile  is  found  to  be  linearly  dependent  on  the  square  modulus  complex  coherence 
function  of  a  speckle  pattern.  The  last  section  of  this  paper  contains  a  discussion  of 
how  the  statistical  analysis  compares  to  the  results  obtained  with  our  new  Weighted 
Shift-and-Add  procedures  using  cross -cor rela t ion  (WSA/XC)  and  deconvolution  (WSA/WD). 
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TWO-DIMENSIONAL  IMAGES  OF  ALPHA  ORIONIS1 
J.  C.  Hebden,  J.  C.  Christou,2  A.  Y.  S.  Cheng,  E.  K.  Hege,3  and  P.  A.  Strittmatter3 

Steward  Observatory,  University  of  Arizona.  T ucson 

J.  M.  Beckers3 

NOAO,  Tucson 
AND 

H.  P.  Murphy 

NRAO,  Socorro,  New  Mexico 
Received  1985  November  I .  accepted  1986  April  7 

ABSTRACT 

Between  1981  February  and  1983  December  a  series  of  speckle  interferometric  observations  were  made  of 
the  M-type  supergiant  a  Orionis  in  an  attempt  to  produce  two-dimensional  images  of  the  star  at  the  Ha  line. 

The  telescopes  employed  include  the  Steward  Observatory  2.3  m  and  NOAO  4  m  telescopes  at  Kitt  Peak  and 
the  fully  phased  six-mirror  Multiple  Mirror  Telescope.  Two  types  of  data  reduction  techniques  were  used:  (1) 
shift-and-add  methods  applied  to  conventional  speckle  interferometric  observations,  and  (2)  differential  speckle 
interferometry.  Data  analysis  included  the  application  of  the  CLEAN  algorithm  to  calibrate  the  images  pro¬ 
duced  by  the  shift-and-add  technique  with  data  reduced  similarly  for  a  point  source.  The  images  produced  are 
encouragingly  consistent  in  suggesting  asymmetric  atmospheric  structure;  possible  evolution  of  that  structure 
over  the  three-year  period  of  observations  is  noted. 

Subject  headings:  interferometry  —  stars:  individual 

The  Astrophysical  Journal.  314:690-698, 1987  March  15 
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THE  Hi  CHROMOSPHERE  OF  ALPHA  ORIONIS1 
Jeremy  C.  Hebden,  Andreas  Eckart.  and  E  Keith  Hegf 

Steward  Observatory.  University  of  Ariz  'nj 
Received  I9N6  May  5  accepted  l9Sf>  June 

ABSTRACT 

Images  have  been  obtained  of  the  Ha  chromospheric  envelope  of  a  Ori  at  the  diffraction-limited  resolution 
of  the  cophased  Multiple  Mirror  Telescope.  A  phaseless  image  reconstruction  was  applied  to  speckle  interfero- 
metric  data  obtained  at  continuum  wavelengths,  and  the  result  was  used  to  produce  images  of  the  highly 
extended  Hi  region  from  results  achieved  using  the  differential  imaging  technique  Two  such  images  are  pre¬ 
sented  which  were  obtained  from  observations  made  almost  2  yr  apart.  Significant,  and  highly  isotropic  emis¬ 
sion  out  to  several  stellar  radii  is  exhibited  A  very  large  optical  depth  in  Ha  is  indicated.  A  simple 
mathematical  expression  for  the  radially  averaged  profile  of  the  images  is  derived  empirically. 

Subject  headings  interferometry  stars:  chromospheres  —  stars:  individual 
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Differential  speckle  imaging  with  the 
cophased  Multiple  Mirror  Telescope 
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J.C.Hebden, E.K.Hege 

Steward  Observatory,  University  of  Arizona,  Tucson,  Az  8572  1 


NOAO,  950  N. 


and  J.M. Beckers 
Cherry  Ave.,  Tucson,  Az  85726. 


Abstract 


A  new  technique  known  as  Differential  Speckle  Interferometry  has  been  applied  to  data 
obtained  using  the  fully-phased  six-mirror  aperture  of  the  Multiple  Mirror  Telescope.  By 
observing  stellar  objects  at  two  distinct  wavebands  simultaneously,  differences  in  the 
object  resulting  from  the  different  wavelengths  can  be  derived.  Observations  were  made 
of  the  supergiant  star  Alpha  Orionis  in  order  to  investigate  the  Hydrogen-alpha  emission 
from  the  surrounding  envelope.  The  data  reduction  process  consists  of  a  frame-by-frame 
weighted  deconvolution  procedure.  This  process  involves  an  inherent  Wiener-type 
filtering  which  must  be  removed  in  order  to  preserve  high  spatial  frequency  information. 
Results  for  Alpha  Orionis  and  for  the  unresolved  source  Gamma  Orionis  are  presented. 


Differential  speckle  imaging  with  the  cophased 
Multiple  Mirror  Telescope 


J.  C.  Hebden 
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Steward  Observatory 
University  of  Arizona 
Tucson,  Arizona  85721 


Jacques  M.  Beckers 

National  Optical  Astronomy  Observatories 
950  N.  Cherry  Ave. 

Tucson,  Arizona  85726 


Abstract.  Differential  speckle  interferometry  has  been  applied  to  data 
obtained  using  the  fully  phased  six-mirror  aperture  of  the  Multiple  Mirror 
Telescope.  Wavelength-dependent  differences  in  the  appearance  of  a  stel¬ 
lar  object  are  derived  from  simultaneous  observations  at  two  distinct 
wavebands.  The  supergiant  star  Alpha  Orionis  was  observed  this  way  to 
investigate  its  appearance  in  hydrogen-alpha  emission.  Data  reduction 
consists  of  a  frame-by-frame  weighted  deconvolution.  An  inherent 
Wiener-type  filtering  must  be  removed  in  order  to  preserve  high  spatial 
frequency  information.  Results  for  Alpha  Orionis  are  compared  to  similar 
results  for  the  unresolved  source  Gamma  Orionis. 


Subject  terms:  speckle:  differential  speckle  interferometry:  astronomy;  Multiple 
Mirror  Telescope:  phased-array  optical  imaging. 
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Uoe  of  the  Coherent  MMT  for  Diffraction  Limited  Imaging 


J.C.Hebden,  E.K.Hege 

Steward  Observatory,  University  of  Arizona,  Tucson,  Az  857 21 


and  J.M.rteckers 

NOAO,  950  N.  Cherry  Ave.,  Tucson,  Az  R5776 


Abstrac  t 


All  six  MMT  telescopes  can  now  be  optically  cophased  simultaneously  over  a  wide  field 
of  view  yielding  coherent  coverage  of  the  complete  houriec  transloi  »  plane  corresponding 
to  that  of  a  pupil-masked  telescope  of  6.86m  aperture.  Open-loop  phasing  control 
compensates  for  flexure-induced  path-length  changes  due  to  variable  gravitational 
loading  as  a  function  of  elevation.  The  system  has  been  used  to  produce  diffraction 
limited  images  and  differential  images  of  Alpha  Orionis  using  narrow-band  (1.7A)  filters 
centered  both  on  Hy dr oge n -a  1 pha  and  on  a  similar  bandpass  out  of  the  absorption  line. 
Corresponding  wide  (100A)  and  narrow-band  images  of  Gamma  and  Epsilon  Orionis  show  the 
expected  result  for  unresolved  sources  at  the  diffraction  limited  resolution  of  the 
fully-phased  MMT. 
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IMAGES  OF  THE  ENVELOPE  OF  ALPHA  ORIONIS 


Jeremy  C.  Hebden,  E.  Keith  Hege,  and  Andreas  Eckart 
Steward  Observatory 
University  of  Arizona 
Tucson 

AZ  85721,  USA 


ABSTRACT.  Two  images  have  been  obtained,  from  observations  made  almost 
two  years  apart,  of  the  H-alpha  chromospheric  envelope  of  Alpha  Orionis 
at  the  diffraction  limited  resolution  of  the  co-phased  Multiple  Mirror 
Telescope.  Significant  emission  out  to  a  distance  of  several  stellar 
radii  above  the  photosphere  is  observed. 
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Multiple  mirror  telescope  as  a  phased  array  telescope 


E.  Keith  Hege,  J.  M.  Beckers,  P.  A.  Strittmatter,  and  D.  W.  McCarthy 


By  adjusting  the  optical  path  lengths  of  its  individual  beams,  it  is  possible  to  make  the  multiple  mirror  tele¬ 
scope  (MMT)  into  a  phased  arrav  with  a  6  86  m  base  line.  A  coherent  phased  focus  can  be  achieved  with 
tilted  focal  planes  if  the  tilt  angle  ;s  chosen  so  that  the  internal  phase  differences  exactly  compensate  the  ex¬ 
ternal  phase  differences.  This  amounts  to  a  slight  change  in  configuration  so  that  the  beams  are  brought 
together  at  // 8.89  rather  than  the  originally  designed  // 9.  We  summarize  experiments  which  have  used  the 
MMT  subapertures  as  a  phased  array  and  as  a  coherent  phased  telescope  and  present  a  simple  analysis  of 
the  titled  focal  plane  geometry  for  coherent  observation.  The  phased  operation  of  the  MMT  is  important 
not  only  for  obtaining  high  angular  resolution  but  also  for  obtaining  the  higher  detection  sensitivity  which 
results  from  the  better  discrimination  against  the  sky  emission  background  for  IR  diffraction-limited  im¬ 
ages  Full-aperture  (six  beam)  diffraction  limited  results  for  the  unresolved  source  Gama  Orionis,  the  well- 
known  cl<»se  btnarv  Capella.  and  the  resolved  red  svipergiant  Betelgeuse  (including  a  diffrAction-limited  dif 
ferential  speckle  image  of  the  latter)  are  presented  as  preliminary  demonstration  of  the  potential  capabilities 
of  th  is  configurat  ion 
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REAL-TIME  SIGNAL  PROCESSING  REQUIREMENTS  FOR 
DIFFRACTION  LIMITED  OPTICAL  IMAGING 

E.  Keith  Hege1  • 2  and  Julian  C.  Christou 
Steward  Observatory 
University  of  Arizona 


Abstract 

Diffraction  limited  optical  images  can  now  be  produced  using  large 
ground-based  astronomical  telescopes.  This  is  quite  new,  with  convincing 
validation  being  achieved  only  in  the  past  year.  The  computational 
requirements  necessary  to  implement  this  capability  for  routine 
observations  already  challenge  the  capacity  of  present  superminicomputers. 
Extension  to  larger  telescopes  will  require  supercomputer  support  from  the 
beginning. 
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Signal  Processing  Systems 
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Abstract 

speed  with  which  the  info™  *v.Ic*8  and  reduction  algorithms)  ana  fVe|d  AeSUlts  *by  llBPle- 
processlng  ha/d^.V.  ln£— b.  provided 

8t  vi.tbl.  wave- 

the  thr,.«ghp"rff;.;?nMmV755  lldUCe<5  lma9#  dl-tortion  tJ  less  ZV K*  ‘ lor  an* 
integration,  at  the  tel.".™  /  rMl'tlM  C°"Pl"  transform  .."pi  1  tldt  "and"^.5: 


frvv: 


DIFFRACTION  LIMITED  IMAGE  OF  A  GEOSYNCHRONOUS  OBJECT 
USING  THE  MULTIPLE  MIRROR  TELESCOPE  AND  FIEWUP  PHASE  RECONSTRUCTION 

E.  Keith  Hege  and  Andreas  Eckart+ 

University  of  Arizona,  Steward  Observatory,  Tucson,  Arizona  85721 


Submitted  to 


Opt i cs 


Abstract 


Tne  geosynchronous  communications  satellite  FLTSATCOMl  has  been 
resolved  at  the  diffraction  limit  of  the  Multiple  Mirror  Telescope*  (MMT). 
At  550nm  the  resolution  corresponds  to  a  beam  size  of  approximately  three 
meters  at  the  object.  Image  amplitudes  were  obtained  using  speckle 
interferometry  and  image  phases  were  reconstructed  using  Fienup's  method. 
Two  integrations  of  20  minutes  each  in  the  10nm  bandpass,  centered  at 
550nr,  yielded  images  from,  which  the  size  of  the  object  could  be  determined 
to  a  precision  of  75%  of  the  beam  size:  Major  axis  --  13.0  (+_2.3)m;  minor 
axis  =  7.4(+2.3)m.  Although  noisy  (brightest  featur-'-'rms  iockc round  noise 
=  6),  the  images  show  evidence  of  structural  features  of  tne  object. 


THB  NO I SB  BIAS  PftOBLBM  IN  OPTICAL  SPBCKLB  IMAGING 
Experience  with  a  Baal  Detector 

E.  K.  Hege,  A.  Bckart  and  J.  C.  Chrietou 

Steward  Obaervatory,  University  of  Arizona 
Tucson,  AZ  85721 


Abstract 

We  have  obtained  diffraction  linited  inages  for  brigh 
astronoaical  telescopes,  including  the  MMT,  but  the  result 
fainter  objects.  All  speckle  interferoaetr ic  techniques 
or  autocorrelation  nethods  to  obtain  calibrated  inage  anpl 
bias  induced  by  the  Poisson  statistics  of  photon  d 
independent  of  inage  frequency  for  ideal  detectors  with  de 
functions,  nust  be  renoved  to  obtain  calibrated  inage 
characteristic  of  our  intensified  TV  detector,  both  as  a 
object  aode)  and  as  a  conventional  inage  anplitude  detecto 
only  inage  frequency  dependent  but  signal  rate  and  sign 
well.  This  precludes  signal  independent  calibration 
functions  and  sets  linits  on  object  faintness  for 

Inplicationa  for  detector  developnent  are  noted. 
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THE  H-ALPHA  ENVELOPE  Of  ALPHA  OBI 


E.  K.  Hege,  J.  C.  Hebden  and  J.  C.  Chriatou 
Steward  Obaervatory 
Tucaon,  AZ  85721  USA 


Me  use  weighted  ahif t-and-add  with  deconvolution  (WSA/WD)  to 
produce  well-calibrated  iaagea  of  Alpha  Orionia  using  data  froa  the 
KPNO1  4a  and  the  Steward  2.3a  teleacopea.  Differential  speckle 
interf e rose try  (DSI)  iaages  have  also  been  produced  with  data  from  the 
2.3a  and  the  Multiple  Mirror  Telescope*  (MMT) .  Me  find  evidence  for  a 
Nor thweat-t ©-Southeast  elongated  circuastellar  envelope,  extending  to 
>4  stellar  radii,  around  a  linb-darkened  42  Billisecond  of  arc  (asa) 
stellar  disk.  Aziautbally  averaged  radial  intensity  profiles  are  in 
qualitative  agreeaent  with  those  predicted  by  Bartaann  and  Avrett, 
although  significant  quantitative  differences  suggesting  non-unifora 
outflow  are  aeen.  MMT  diffraction  liaited  iaages  of  Alpha  Orionis, 
observed  in  a  narrow  band  centered  on  E-alpha,  show  aeasurable, 
resolved  surface  structure  within  the  stellar  disk.  Our  iaages  do  not 
show  clear  evidence  for  secondary  coapanions. 


Phased  Array  Imaging  with  the  Multiple  Mirror  Telescope 


E.  Keith  Hege 
Donald  W.  McCarthy,  Jr. 
Jeremy  C.  Hebden 
Julian  C.  Christou* 

Steward  Observatory 
University  Of  Arizona 
Tucson  AZ  85721 


Introduction 

The  6.86m  Multiple  Mirror  Telescope  (MMT)  has 
been  operated  as  a  co-phased  optical  array  since 
1983  [1].  We  have  used  it  to  obtain  seeing  cali¬ 
brated  diffraction-limited  images  of  the  point  source 
7  Orionis  and  the  resolved  red  supergiant  a  Orionis. 
The  point  source  images  validate  the  imaging  per¬ 
formance  of  the  system  as  a  function  of  wavelength 
(4100  -  8500  A)  and  of  coherence  length  (6/im  to 
3.6mm).  We  have  measured  a  stable  point  spread 
function  (PSF)  with  an  FWHM  of  75  nanoradians 
or  15  milli-arcseconds  (mas)  which  matches  the  the¬ 
oretical  prediction.  Images  of  a  Orionis  have  been 
obtained  both  in  the  chromospheric  Ha  emission 
and  in  the  adjacent  line-blanketed  “continuum  with 
AJ/AA  =  3.6mm.  In  addition,  we  have  also  ob¬ 
tained  images  of  a  geosynchronous  communications 
satellite  in  a  broader  bandpass  (A  =  5500  A  with 
A2/ A  A  =  30/xm).  The  resolution  of  both  of  these 
images  is  consistent  with  the  observed  PSF’s. 
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RRAL-TIHB  AMPLITUDE  AND  PHASE  INTEGRATION  POR  DIFFRACTION  LIMITED  IMAGING 

Discrete  Photon  Case 


E.  Keith  Hege 

Steward  Observatory,  University  of  Arizona 
Tucson,  AZ  85721 


Peter  R.  Vokac 
Digital  Television  Imagery 
Tucson,  AZ  85741 


Abstract 


Both  video  raster  detectors  and  newly  developed  2-D  photoelectron  event  locators  are 
now  employed  to  collect  data  at  large  astronomical  telescopes  for  diffraction  limited 
optical  imaging  by  a  number  of  speckle  interferometric  techniques.  The  Knox-Thompson 
algorithm  is  amonq  the  best  understood  of  these  techniques.  The  image  amplitude  and 
phase  integrations  required  for  its  implementation  can  be  accomplished  directly  in 
e v ent -coord i nat e  space  (in  the  extreme  photon- 1 imited  case)  more  efficiently  than  in  the 
more  conventional  Fourier  transform  space.  We  describe  hardware  to  accomplish  the 
integrations  required  for  Knox-Thompson  image  reconstruction  in  real-time  at  the 
telescope,  thus  alleviating  the  principal  data  processing  bottleneck  in  the  present 
applications  of  diffraction  limited  astronomical  imaging.  Parallel  digital  recording  of 
the  photon  coordinate  lists  permits  subsequent  off-line  re-analysis  of  the  data  by  other 
methods  if  desired.  The  basic  system  consists  of  hardware  to  localize  discrete 
photoelectron  responses  in  a  CCD  TV  raster  and  for  accumulation  of  the  complex 
autocor relogram .  A  generalization  of  the  system  can  integrate  triple  correlations. 


Co— Phasing  and  Co-Aligning  the  Multiple  Mirror  Telescope 


C.  C.  Janes  and  J.  W.  Montgomery 


Multiple  Mirror  Telescope  Observatory, 
Smithsonian  Institution  /  University  of  Arizona 
Tucson,  Arizona  85721-0465 


Abstract 


The  Multiple  Mirror  Telescope  Is  an  array  of  six  1.8  m  diameter  folded  Cassegrain 
telescopes  used  to  achieve  the  collecting  area  equivalent  to  that  of  a  telescope  with  a 
single  4.5  m  primary  mirror.  For  most  applications,  the  six  images  are  co-aligned  in  such  a 
way  that  overlapping  images  appear  to  result  from  a  single  telescope.  Another  application 
requires  that  the  wavefronts  from  all  six  telescopes  be  co-phased  within  1  micron, 
concurrent  with  co-alignment.  This  paper  describes  the  successful  operation  of  the  co¬ 
alignment  and  co-phasing  capabilities,  the  control  system  and  devices  used  in  the 
applications ,  and  test  results  to  date. 


A  real-time  photoelectron  event-detecting  video  system 


R.  H.  Macklin,  E.  K.  Hege  and  P.  A.  Strittmatter 


Steward  Observatory,  Tucson,  AZ  65721 


Abstract 


We  describe  a  system  for  localization  of  photoelectron  events  utilizing  an  intensified 
Plumbicon  camera  and  a  Grinnell  video  digitizer.  The  Grinneli  digitizer,  arithmetic  unit 
and  memory  are  U6ed  to  produce  a  real-time  video  difference  between  current  pixel  value  and 
previous  pixel  value  thereby  suppressing  multiple  detection  of  the  same  event.  A  master 
clock  provides  synchronization  with  the  camera  in  operation  at  60  Hz  in  240  lines/field, 
repeat  field  mode.  Our  event-localization  scheme  provides  double-buffered  line-address  and 
event-amplitude  for  up  to  32  events  along  a  512  pixel  video  line.  A  software  algorithm 
allows  localization  of  multiple  detections  of  the  same  event,  and  provides  a  unique  address 
interpolated  with  1/2  line  resolution  by  the  host  minicomputer  in  a  480  x  512  format. 
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Astronomical  imaging  by  filtered  weighted-shift-and-add 

technique 

Erez  Ribak 

lei  Propulsion  Laboratory- NASA.  Mail  Stop  I69-3H.  California  Institute  of  Technology.  9800  Oak  Grove  Drive. 

Pusudenu.  Californio  91109 
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The  weighted-shift-and-add  speckle  imaging  technique  is  analyzed  using  simple  assumptions.  The  end  product  is 
shown  to  be  a  convolution  of  the  object  with  a  typical  point-spread  function  (psf)  that  is  similar  in  shape  to  the 
telescope  psf  and  depends  marginally  on  the  speckle  psf.  A  filter  can  be  applied  to  each  data  frame  before  locating 
the  maxima,  either  to  identify  the  speckle  locations  (matched  filter)  or  to  estimate  the  instantaneous  atmospheric 
psf  (Wiener  filter).  Preliminary  results  show  the  power  of  the  technique  when  applied  to  phuton -limited  data  and 
to  extended  ohjecta 


Use  of  matched  filtering  to  identify  speckle  locations. 
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As  a  remedy,  we 

Abstract 


detection  process,  which  obliterates  the  shape  of  faint  speckles.  The  problem  is 
aggravated  for  extended  objects  with  local  peaks,  such  as  binary  stars.  As  a  remedy,  we 
use  a  filter  that  smoothes  out  each  speckle  and  at  the  same  time  defines  its  location. 

The  best  filter  should  be  very  close  to  the  mean  speckle  itself:  a  matched  filter. 
The  initial  guess  for  this  filter  is  a  bell  function,  slightly  wider  than  the  expected 
mean  speckle.  This  initial  guess  is  used  to  locate  filtered  speckle  maxima  which  are 
then  used  to  produce  a  better  mean  speckle  estimate  by  shift-and  add.  The  procedure  is 
iterated  until  the  mean  speckle  converges. 

We  find  that  the  iterative  speckle  estimate  is  not  the  optimum  matched  filter.  The 
most  suitable  filter  must  suppress  the  variable  background  created  by  coalescing 
speckles  in  a  large  speckle  cloud  as  well  as  smooth  the  single-photon  event  noise.  Thus 
we  combine  the  mean  speckle  with  a  band-pass  filter  into  a  matched  filter.  Local 
speckle  maxima  are  thus  enhanced,  whereas  single  photons  are  discriminated  against  by 
using  a  comparison  low-pass  filtered  frame,  since  they  do  not  contain  much  power.  The 
combined  process,  speckle  identification  and  weighted-shift-and-add,  can  be  carried  out 
in  the  image  plane  or  in  the  Fourier  plane.  We  have  experimented  in  both  domains. 
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DETECTION  OF  THE  LENS1NG  GALAXY  IN  PG  1 1 15  + OS' 

Stuart  B.  Shaki.an  and  E.  K  Hh;j 

Steward  Observatory.  University  of  Arizona 
Received  /Wff  June  <?</.  accepted  IVX5  October  J 

ABSTRACT 

Wc  have  fitted  models  to  good-seeing  (0"6)  postguided  observations  of  the  triple  quasar  PG  1115  +  08  in 
blue  and  red  light.  The  four  components  (A,  A',  B,  and  C)  all  have  similar  point  spieud  functions  in  the  blue 
fit.  There  are  no  significant  blue  residuals  after  subtraction  of  the  model  from  the  image.  The  fits  to  com¬ 
ponents  A,  A',  and  C  in  the  red  image  are  consistent,  but  that  of  the  B  component  suggests  that  there  is  an 
excess  red  flux  from  an  area  between  all  four  components.  The  residuals  show  that  this  (lux  has  a  peak  magni¬ 
tude  of  19.8  ±0.3  mag  in  the  R  band  and  a  F-R  color  of  at  least  2.7  +  0.5  mag.  The  position  of  this  flux 
excess  is  consistent  with  that  of  the  lensing  galaxy  in  models  of  gravitational  imaging 
Subject  headings:  gravitation  —  quasars 
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THE  USE  OF  THE  MMT  FOR  INTERFEROMETRIC  IMAGING 


Jacques  M.  Beckers 

National  Optical  Astronomy  Observatories  * 
Tucson,  AZ  85726 
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ABSTRACT 

We  describe  recent  progress  with  i  n t e r f er ome t r i c 
imaging  using  the  Multiple  Mirror  Telescope  (MMT).  All 
six  telescopes  can  now  be  phased  over  a  wide  field  of  view 
simultaneously  resulting  in  a  (u,  v)  plane  coverage 
cor  respond i ng  to  that  of  a  686  cm  aperture  telescope.  We 
describe  the  open-loop  phasing  control  of  the  MMT  for 
gravitational  changes  and  we  describe  a  concept  of  an 
internal  c oph a s i ng / c oa 1 i gnmen t  system  for  MMT  type 
telescopes. 


Introduction 

In  previous  publications  ^  we  described  the  use  of 
the  Multiple  Mirror  Telescope  (MMT)  for  i n te r f eromet r y  in 
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the  visible,  infrared  and  s ub -m i 1 1 i me t e r  regions  of  the 
e 1 ec tromagnet  i  c  spectrum.  This  paper  is  an  update 
of  those  papers  describing  the  progress  made  since  then  in 
using  the  MMT  as  a  phased  array  in  visible  wavelengths. 

Fully  Phased  Operations  of  all  Six  MMT  Telescopes 

We  recently  completed  the  construction  of  a  phasable 
beam  combiner  for  the  MMT,  consisting  of  six  pairs  of 
identical  BK7  glass  wedges,  one  in  each  of  the  six  MMT 
telescopes  (mode  C,  in  the  sketch  shown  in  figure  3,  in 
paper  1).  The  wedges  have  an  angle  of  10°.  Each  pair  of 
wedges  acts  effectively  as  a  parallel  glass  plate  whose 
thickness  can  be  varied  by  translating  one  of  the  wedges 
thus  changing  the  pathlength  of  the  telescope.  The  motion 
of  the  wedges  is  controlled  by  a  stepper  motor  which  is 
interfaced  with  a  computer.  Each  step  of  the  motor 
corresponds  to  a  0.18  urn  pathlength  change  and  the  total 
range  of  pathlength  adjustment  is  about  3mm.  The  path- 
lengths  of  each  of  the  telescopes  were  initially  made  equal 
to  tO . 5mm  by  adjusting  the  height  of  the  tertiary  mirrors 
so  that  the  adjustment  range  of  the  wedge  pairs  suffices. 

The  combination  of  the  six  beams  was  done  in  the  so 
called  wide  field  mode  described  in  paper  2.  In  it,  the 
pathlength  equality  between  a  star  and  the  image  plane  of 
the  MMT  is  maintained  when  moving  the  object  star  off  axis 
at  least  over  an  amount  equal  to  the  isoplanatic  path. 

This  wide  field  condition  is  achieved  by  matching  the  exit 
and  entrance  pupils  of  an  interferometric  array  as  shown  in 
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O  *  ENTRANCE  PUPIL 


•  i  «  EXIT  PUPIL 


Figure  1 :  For  wide  field  interferometry,  the  entrance 
and  exit  pupils  should  be  identical  except  for  a 
linear  scaling  factor.  Identity  is  also  required  for 
structure  within  the  pupils. 

the  cartoon  drawing  in  figure  1.  It  means  that  when  the 
diameters  of  the  individual  entrance  and  exit  pupils  are 
matched,  the  distance  between  the  pupils  are  also 
matched.  Also  (as  shown  by  the  faces  in  figure  1),  the 
internal  structure  of  the  pupils  must  be  preserved. 


We  phase  the  six  telescopes  with  the  use  of  a  speckle 
camera-*.  One  of  the  telescopes  is  used  as  a  reference. 

The  other  5  telescopes  are  then  phased  to  the  reference 
telescope,  one  by  one,  by  searching  for  the  interference 
fringes  in  the  combined  telescope  star  images,  and  by 
centering  the  white  light  fringe  on  the  star  image.  This 
process  takes  about  5  minutes  after  which  all  six  images 
are  combined  to  give  the  combined  i n ter ferometr i c / spec k 1 e 
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Figure  2:  Speckle  image  of  an  unresolved  star  using  the 
MMT  as  a  fully  phased  array. 

image.  Figure  2  shows  the  combined  image  for  an  unresolved 
star.  In  the  center  of  the  image  the  complex  fringe/ 
speckle  image  is,  as  expected,  showing  speckles 
corresponding  in  size  to  the  686  cm  telescope  aperture. 

The  speckles  are,  however,  clearly  of  a  different  character 
than  those  of  a  single  aperture  telescope  because  of  the 
predicted  preferred  spatial  frequencies.  At  the  edge  of 
the  image  where  due  to  seeing,  telescope  aberrations  and 
image  misalignments  the  six  images  do  not  overlap,  the  full 
speckle  patterns  disappear.  Figure  3  shows  the  2D  power 
spectrum  for  the  unresolved  star  B  Tau.  The  location  of 
the  peaks  corresponds  to  those  predicted  from  the  (u,  v) 
plane  coverage  of  the  six  element  polygon  array  (figure 
4).  The  variable  amplitudes  of  the  peaks  are  due  to  a 
variety  of  instrumental  effects  including  image  misalign- 
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Figure  3:  Two  dimensional 
power  spectrum  of  B  Tau. 


Figure  4:  Predicted 
(u,  v}  plane  coverage 
of  MHT 


ments,  telescope  aberrations,  imperfect  phasing  and  the 


absence  of  a  correction  for  the  off-axis  polarization/ 


retardation  effects  in  the  six  telescopes.  Figure  5  shows 


the  2D  power  spectrum  for  the  binary  star  Capella  which  at 


750nm  now  shows  a  full  1.5  cycles  of  the  power  spectrum 


fringe  resulting  of  the  binary  nature.  Because  of  changing 


phasing  conditions  between  the  observations  the  ratio  of 


the  Capella  and  3  Tau  power  spectrum  (figure  6)  show  many 


artifacts  (including  detector  "hot  spots”), which  makes  it 


dange'cus  to  infer  reality  for  other  sets  of  fringes 


visible  in  the  ratio  spectrum. 


These  changing  phasing  and  coalignment  conditions  make 
it  very  difficult  to  do  quantitative  analysis  of  the  phased 
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Power  spectrum 
of  Capella 


Figure  6 :  Ratio  of  Capella 
and  b  Tau  power  spectra 


Figure  5 

MMT  images.  We  have,  therefore,  undertaken  a  development 
program  aimed  at  maintaining  phasing  and  coaligment  of  the 
MMT  images.  This  program  includes  attempts  to  correct 
open-loop  for  elevation  and  temperature  effects,  and  plans 
to  construct  an  internal  laser  c oa 1 i gnmen t / coph a s i ng  system 
for  the  MMT.  We  will  describe  these  efforts  below. 

OPEN-LOOP  COPHASING 

Most  of  the  variation  in  the  telescooe  pathlengths  results 
from  the  gravitational  flexure  of  the  telescope  structure. 
We  measured  the  variation  of  pathlength  as  a  function  of 
the  elevation  pointing  of  the  MMT  on  a  number  of  occasions. 
Figure  7  shews  the  relative  variation  in  the  pathlength  for 
each  telescope  as  made  on  two  nights  about  one  month  apart. 
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repeats  quite  closely  the  difference  between  those 
telescopes  measured  over  half  a  year  before  and  shown  in 
paper  2  (figure  10),  (ii)  the  hysteresis  between  up  and 
downward  motions  is  small.  The  largest  amount  (for 
telescope  B)  is  5 urn  and  (iii)  the  residual  scatcer  of  the 
observations  amounts  to  -  20um  peak  to  peak.  That  is 
substantially  more  than  the  measurement  errors  (i  2-3um) 
and  is  at  least,  to  some  extent,  due  to  thermal  changes  in 
the  optics  support  structure.^  The  curves  shown  in  figure 
7  have  been  fitted  with  a  second  degree  polynomial  and  the 
wedge  position  is  now  open-loop  computer  controlled  to 
remove  the  systematic  elevation  variation. 

It  should  be  pointed  out  that  in  an  array  telescope 
like  the  MMT,  the  pointing  of  the  individual  telescopes 
and  the  phasing  of  these  telescopes  are  highly  inter¬ 
active.  If  pointing  errors  caused  by  imperfect  mount 
pointing  (typically  0.5-1  arc  sec)  are  corrected  by  tilting 
the  secondary  mirrors,  the  phasing  of  the  telescopes  is 
destroyed  (1  arc  sec  causing  as  much  as  a  2  5  urn  pathlength 
difference).  It  is  therefore  important  not  to  do  so  at  the 
MMT,  and  to  point  the  telescope  as  a  whole  using  its 
elevation  and  azimuth  axis.  It  is  equally  important 
to  define  an  algorithum  for  the  differential  pointing 
corrections  by  the  secondary  mirrors  needed  to  correct  for 
co-pointing  errors  between  the  MMT  telescopes.  For  phasing 
experiments  the  algorithum  adopted  keeps  the  average 
position  of  the  six  telescope  images,  in  both  elevation  and 
azimuth  direction,  stays  the  same. 
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As  described  in  paper  2,  we  suspect  that  the  residual 
20pm  PTP  variations  are  due  to  thermal  changes  in  the  MMT 
optics  support  structure  (OSS),  one  degree  thermal  change 
across  the  structure  causing  a  -65pm  change  in  the 
differential  pathlength.  A  plan  to  measure  the  OSS 
temperatures  and  to  correct  open-loop  for  their  change, 
remains  to  be  implemented.  When  implemented,  it  should 
improve  the  cophasing.  Until  implemented,  we  cannot 
evaluate  the  residual  variations. 

DESCRIPTION  OF  AN  INTERNAL  C OAL I GNME N T / CO  PH AS  I  NG  SYSTEM 
Ultimately,  it  is  desirable  to  couple  the  individual 
telescopes  in  MMT  configuration  systems  with  a  system 
internal  to  the  MMT,  since  the  open-loop  correction  systems 
are  not  perfect  and  since  coalignment  and  cophasing  on 
nearby  stars  will  not  always  be  possible.  We  describe  in 
this  section  an  internal  laser  coa 1 ignment/cophas  i  ng  system 

O 

(LCCS)  which  is  aimed  at  doing  simultaneously  both  internal 
coalignment  and  cophasing.  As  pointed  out  in  the  previous 
section,  the  coalignment  and  cophasing  of  an  MMT  type 
telescope  are  closely  related  so  that  an  LC^S  system  which 
does  both  is  highly  desirable. 

A  diagram  of  the  LC^S  system  is  shown  in  figure  8.  It 
is  based  on  a  similar  system  described  by  Butts,  et  al.^ 
Figure  8a  shows  the  front  view  of  the  4  mirror  MMT  concept 
under  discussion  for  the  U.S.  National  New  Technology 
Telescope  (NNTT).  The  dark  bars  between  adjacent 
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telescopes  A  and  B  and  through  the  bridge  connecting 
them.  The  Argon  laser  beams  at  the  facing  edges  of 
telescopes  A  and  8  are  intercepted  by  an  inverted  telescope 
M  which  focuses  the  laser  beam  at  image  c.  Two  Rochon 
prisms  R^  and  Rg  split  the  incoming  laser  beam  in 
orthogonal  linear  po 1 ar  i  zat  i  ons  .  The  image  c  results  from 
the  combined  undeviated  beams  whereas  the  deviated  Deams 
from  telescopes  A  and  B  form  two  separate  images  a  and  b 
respectively.  In  figure  8  ^  the  three  images  are  shown  on  a 
single  detector  (I)  or  on  two  separate  detectors  (II  an  it 
III).  Image  II  shows  the  location  of  the  quasi  w  h  i  *  e  !  i  g  * 
fringe  with  respect  to  the  laser  source  image.  in,, 
displacement  A  between  the  whitelight  fringe  an.q  *  •  n  •  , 

of  the  image  c  result  from  a  phasing  error  a"d  a'  :•  ,  > 
as  an  error  signal  to  adjust  the  phase  of  the  ■ 

with  respect  to  telescope  A  by  means  of  any  *  ••  .  .  •  >.  . 

adjustment  arrangement  described  in  paper  ( / 
shows  the  displacements  (Ax,  Ay)  of  images  a  md  t  . 
displacements  can  be  used  to  coalign  telescopes  A  <•  •  •>.  t 
for  example  by  tilts  of  their  secondary  minors.  1'  •  mo 

displacements  of  the  inverse  telescope  M  will  disp'me 
images  a,  b  and  c  but  will  keep  the  values  for  ,  '*  mo  ■  , 
quite  undisturbed.  In  paper  (4)  the  sensitivity  of  tne 

O 

LCCS  scheme  to  misalignments  of  the  inverse  telescope  M 
were  discussed.  The  most  critical  misalignment  is  a 
defocusing  of  the  telescope  M  which  will  cause  Ax  to  change 
resulting  in  a  misalignment  of  the  optics.  It  is  important 
to  maintain  and/or  measure  the  distance  M  -  c  with  high 
precision.  The  second  most  critical  misalignment  is  a  tilt 
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of  M  around  the  y  axis  which  result  in  a  change  in  a. 


o 

This  LCS  scheme  at  the  moment  is  untested,  as  is  a 
similar  scheme  by  N.  Woolf  which  u^es  a  flat  mirror  for 
M.  The  A,  Ax  and  Ay  values  will  of  course  be  subject  to 
variations  due  to  atmospheric  seeing  inside  the  telescope, 
as  was  the  case  for  the  so  called  laser  coa 1  1  iynment  system 
which  was  part  of  the  original  MMT  design.  To  reduce  the 
effects  of  seeing,  one  should  measure  these  quantities 
every  0.1  second  and  then  average  them  digitally  until  the 
desired  coa  1  i  gnmen t / cophas i ng  precision  is  reached.  An 
estimate  for  reasonable  internal  seeing  conditions  4 
results  in  a  RMS  coaligmnent  and  cophasing  error  of  0.01 
arc  second  and  0.14um  for  an  integration  time  of  30  seconds 
which  is  much  less  than  any  image  motion  and  phasing  errors 
introduced  by  the  atmosphere  in  front  of  the  telescope. 


NON-REOUNDANT  MMT  ARRAYS 

The  present  MMT  and  the  proposed  MMT  concept  for  the 
NNTT  have  a  highly  redundant  aperture  configuration  from 
the  point  of  view  of  interferometry.  If  one  sets  as  a  goal 
the  filling  of  the  maximum  area  in  the  (u,  v)  plane  with  a 
polygonal  array  of  telescopes,  one  would  do  substantially 
better  with  an  odd  number  of  telescopes.  With  3,  4,  5,  6, 
7,  8,  9  and  10  sided  polygons,  one  has  3,  4,  10,  9,  21,  16, 
36  and  25  non-redundant  baselines  respectivey.  Figures  9, 
10,  11  and  12  show  the  (u,  v)  plane  coverage  with  an 
optimized  array  of  3,  4,  5  and  6  telescopes,  optimized  in 
the  sense  that  gaps  in  the  (u,  v)  plane  coverage  arc1  just 
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avoided.  The  (u,  v)  plane  coverage  for  the  ( 2  n  - 1  ) 
telescope  is  about  the  same  as  that  for  the  2  n  telescope 
because  of  the  absence  of  the  redundancy  in  the  former. 
Structural  considerations  appear  to  lead  to  a  preference 
for  even  numbered  polygons  like  the  MMT  and  the  NNTT-MMT  so 
that  the  odd  numbered  non - r ed u ndan t  polygon  MMT  may  be  more 
a  curiosity  than  a  realistic  proposal. 


CONCLUSION 

The  MMT  has  shown  itself  to  be  a  very  powerful 
interferometric  device.  When  long  coherence  lengths  (small 
A  A )  are  used  the  MMT,  as  it  is  now  with  the  open-loop 
flexure  correction,  is  very  good  as  a  coherent  array.  For 
broad  bandwidth  applications  in  the  visible  region  of  the 
spectrum,  the  residual  10-20um  variations  in  pathlength  are 
unacceptable.  A  more  refined  open-loop  control  system  may 
not  be  adequate  to  cure  that  and  it  appears  that  an  optical 
closed  loop  control  system  like  the  L  C  2  S  will  be  needed. 
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DISCUSSION 


J.E.  Noordam:  Redundant  spacings  in  the  aperture  plane  are  a  very  powerful 
calibration-tool  in  radio  aperture  synthesis.  Since  it  is  possible  in  optical 
interferometry  to  disentangle  their  contributions  and  then  use  them  for  this  s 
purpose,  one  should  not  elimiate  them  by  building  non-redundant  arrays. 

J.  Beckers:  You  are  of  course  correct.  Phase  closure  techniques  have  not  yet 
been  used  in  optical  astronomy.  If  and  when  they  come  about,  redundancy  may 
indeed  be  of  help. 
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ABSTRACT 

Previously  reported  speckle  interferometric  measurement  of  ihe  angular  diameter  of  i  Ori  are  widely 
tered  and  apparently  inconsistent.  Stellar  atmosphere  models  predict  a  stellar  disk  to  he  limb-darkened  d;t 
ently  for  different  spectral  features,  and  that  less  limb-darkening  will  be  observed  .it  longer  wavelengths  I  < 
careful  analysis  of  calibrated  speckle  observations  obtained  at  various  wavelengths  wul,  the  KPNO  -l  m  : 
scope,  we  find  a  single  diameter  parameter  to  be  inadequate  to  explain  all  of  the  features  of  oui  me.t., 
ments  There  is  evidence  for  a  central  stellar  component  of  42  It  1  I  II  mas  diameter  with  extended  >tnti' 
surrounding  it  Limb-darkening  effects  arc  suggested  by  attempts  to  lit  cosine  model  image  profiles  ;  >  the  - 
which  yield  limb-darkening  coefficients  ranging  from  -0.4  in  TiO  absorption  bands  to  -0.4  in  (.  a  , 
tion  lines.  These  fits  have  significant  residuals  at  large  radii  suggesting  a  faint  envelope  extending  from  1 
5  R,.  although  calibration  errors  cannot  be  ruled  out  entirely.  There  is  a  suggestion  of  wavelength  depend'- 
in  single-parameter  diameter  measures  with  a  linear  coefficient  of  -  -6t.»  II  «  10  1  mas  nm  '  !*■  ■>.- 

model-dependent  biases  in  these  results  are  discussed. 

Subject  headings  interferometery  stars:  diameters  stars  individual  stars  supergiants 


I.  INTRODl  (  THIS 

Alpha  Orionis  is  an  M2  lab.  SRc  late-type  supergiant  star 
with  mass  loss  rate  -10  * !  1  M  yr  '.  High-resolution 
speckle  interferometric  observations  have  the  potential  capa¬ 
bility  of  measuring  the  photospheric  sizes,  the  inner  mass  flow 
sizes,  and  the  extended  mass  flow  geometries  for  a  number  of 
late-type  supergiant  stars  of  known  mass  loss  rates.  Yet  there  is 
a  large  variation  in  the  values  reported  for  the  angular  diam¬ 
eter  of  z  Ori  obtained  by  speckle  interferometry 

We  find  evidence  that  such  scatter  in  angular  diameter  mea¬ 
sures  can  be  resolved  by  using  an  appropriate  stellar  model:  a 
limb-darkened  stellar  disk  with  a  wavelength-dependent  limb- 
darkening  coefficient  surrounded  by  a  faint  observing 
bandpass-dependent  envelope  extending  from  I  to  5  stellar 
radii. 

In  this  paper,  only  the  photospheric  radius,  derived  from 
azimuthally  averaged  radial  profiles,  is  discussed  in  detail  We 
have  been  particularly  careful  about  seeing  calibrations,  as  dis¬ 
cussed  by  Christou  et  al.  ( 1985). 

Other  non-sphcrieally  symmetric  details  of  x  Ori,  which  we 
have  previously  reported  (Goldberg  et  al.  I9KI)  and  which 
have  been  confirmed  by  others  (Roddier  and  Roddier  1983. 
1985),  are  being  studied  further  Evidence  of  the  detection  of 
faint  extended  chromospheric  structures  is  presented  in 
Hebden  et  al.  (1986) 

Previously,  somewhat  larger  angular  diameters  have  been 
inferred  by  speckle  interferometry  than  by  photometric  tech¬ 
niques  (see.  eg.  Tsuji  19761  Such  discrepancies  may  be 
accounted  for  with  very  careful  analysis  of  any  measurement 
biases  implicit  in  the  previous  work,  including  (lie  effects  of  a 
larger  scale  cireumstellar  shell  We  find  a  consistently  smaller 
diameter  and  offer  a  possible  explanation  for  the  wide  varia- 


1  Visiting  Astronomer  Kitt  Peak  National  Ob*cr\  itor\  National  Optica! 
Asironomv  ( )bscrvntoriev  which  is  operated  b\  the  AvwKi.iiinn  of  I  n:ver^st»cs 
for  Research  in  Astronorm  Inc  .  under  contract  :o  the  Nai« -n.i!  Svietnr  I  >u,n 
dation 

Also  Kilt  Peak  National  Obser\ atorv 


lions  in  the  generally  larger  diameters  previously  -cp  'i  ice. 
speckle  interferometry  results.  Any  remaining  dis.rcp.i'icv  i 
interferometric  and  photometric  angular  size,  can  . >nl \ 
resolved  by  refined  modeling  of  the  temperature  structure  •>! 
the  star,  including  dust  shell  effects  (see.  eg..  Tsuji  I9"8i.  a, id 
with  improved  know  ledge  of  the  distance. 

II  OBSI  XV  A  rtONS 

Alpha  Orionis  was  observed  with  unusually  good  seeing  at 
the  KPNO  4  m  telescope  (pupil  masked  to  3  8  m)  on  I98i 
Kcbruary  2  and  3.  using  the  Steward  Observatory  intensified 
video  speckle  camera  tHege  et  al.  1982).  The  seeing  on  the  lust 
night  was  -0'5  and  less  than  I"  on  the  second  nigh).  \  mo  o 
bandpasses  were  used  to  observe  both  x  and  y  Ori  (the  object 
and  the  calibiation  star  respectively)  The  recently  discovered 
( Papaliolios.  Nisenson.  and  fcbstetn  1985)  fain)  secondary  ol 
Ori  was  outside  our  field  of  view 

Video  spccklcgrmis  for  each  bandpass  were  recoidcd  fo: 
-Iff  15  minules  on  Ihe  object  and  -5  minutes  on  the  cali¬ 
bration  star  The  speck  legrams  were  recorded  with  15  ms  expo¬ 
sures  at  the  ra.e  of  7.5  Hz  (every  fourth  video  frame)  At  this 
shutter  frequency  the  afterglow  of  the  image  iniendlier  has 
sufficiently  decayed  between  exposures  that  it  can  be  removed 
by  means  of  video  subtraction  of  consecutive  frames  during 
data  digitization  The  15  ms  exposure  lime  is  short  enough  to 
freeze  the  turbulence  in  larth's  atmosphere,  so  that  the  speck- 
legrams  retain  image  details  up  to  the  full  diffraction  limit  ol 
the  telescope. 

The  video  speck  legrams  were  digit  i  zed  x  bits  deep  m  a 
128  -  I  28  pixel  array  with  a  (irinnell  digital  television  system, 
vicldine  a  detector  image  scale  of  '  22  mas  pixel  1  and  written 
on  tape  using  the  Stew.ml  Observatory  minicomputer  svstem 

It  has  been  shown  theoretically  that  the  point-spread  func¬ 
tion  calibration  in  speckle  interferometric  analysis  is  \cr\  sen¬ 
sitive  to  the  ->eeing.  characterized  hy  Frieds  parametei  r(,  We 
adopted  a  new  and  more  caret  ill  reduction  procedure  to  cali¬ 
brate  the  seeing  and  instrumental  point-spread  function 
lOhristou  it  a!  !liS')  lh.it  reduction  procedure  includes  spe- 
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cific  measures  (1)  to  edit  the  data,  (2)  to  remove  known  system¬ 
atic  detector-induced  artifacts,  and  (3)  to  bin  the  specklegrams 
according  to  instantaneous  seeing.  The  good  seeing  data  give  a 
better  signal-to-noise  ratio.  For  example.  100  frames  of  good 
seeing  data  and  1000  frames  of  moderate  seeing  data  give  simi¬ 
lar  signal-to-noisc  ratios  in  the  final  results. 

I  lie  image  power  sjxvlra  (PSs)  ofllie  digili/cd  specklegrams. 
edited,  corrected,  and  binned,  were  accumulated  using  the 
NOAO  CDC  Cyber  720/170  and  the  fast  Fourier  transform 
algorithm.  The  PSs  were  then  written  onto  tape  and  trans¬ 
ported  back  to  the  Steward  Observatory  computing  facilities 
for  analysis. 

The  detector-colored  photon  noise  bias  (see  Hege  el  al.  1982) 
was  deconvolved  from  each  binned,  summed  PS  by  dividing  by 
a  two-dimensional  anamorphic  Gaussian  fit  to  the  data  at 
spatial  frequencies  larger  than  the  diffraction  limit  cutoff  fre¬ 
quency  and  subtracting  1.0  to  remove  the  bias. 

The  effects  of  seeing  and  of  the  combined  instrumental  and 
telescope  optical  transfer  functions  were  calibrated  by  dividing 
the  debiased  PS  of  the  object  (x  Ori)  by  that  of  a  point  source  (-/ 
Ori)  of  comparable  seeing  (i.e..  corresponding  bins  of  same  r0) 
to  give  clean,  deconvolved  PSs  of  the  object.  Autocorrelation 
functions  (ACFs)  were  obtained  as  Fourier  transforms  of  these 
calibrated,  debiased  power  spectra. 

III.  MODF.L-UEPI  NDENT  RESULTS 

We  have  analyzed  our  data  both  in  the  image  ACF  and  in 
the  image  PS  domains.  The  models  used  in  each  case  are 
subject  to  biases,  but  the  biases  are  weighted  differently  in  the 
two  domains. 

We  first  assumed  that,  at  the  resolution  of  the  4  m  telescope, 
limb-darkening  effects  might  be  negligible.  Thus  we  modeled 
ACF  data  with  a  uniform  disk  autocorrelation  function  con¬ 
strained  by  the  data  in  a  least-squares  tit.  This  produced  the 
results  shown  as  the  filled  circles  in  Figure  I  and  reported  in 
the  first  two  columns  of  Table  I.  The  scatter  in  these  results  is 
typical  of  the  scatter  seen  in  the  results  of  other  observers,  as 
summarized  in  Table  2. 

We  next  attempted  to  make  the  model  more  complex  by 
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introducing  a  limb-darkening  parameter  in  an  attempt  to  find 
an  internally  consistent  interpretation  of  these  puzzling  results 
The  calibrated  image  PS  data  were  analyzed  directly  by 
fitting  power  spectra  of  model  images  to  the  azimulhally  aver¬ 
aged  observed  radial  PS  profiles  to  extract  (model-dependent 
estimates  of)  two  physical  parameters,  the  radius  R n  and  the 
limb-darkening  coefficient  t  A  typical  averaged  radial  PS 
profile,  together  with  a  typical  model  fit.  is  shown  in  figure  2 
The  model  image  PS  was  computed  for  a  limb-darkened 
stellar  disk  image  intensity  profile  Hr  :  Rm.  Cl: 

l(r.  Rm.  U)  =  /„[(!  -  C)  +  l  cos  [nr  2 RJ]  •  for  r  <  R„. 

=  0  .  for  r  >  R,„. 

with  R„  being  the  model  radius  of  the  star  and  L  being  the 
limb-darkening  coefficient.  We  computed  normalized  intensity 
profiles,  setting  /0  =  I  A  uniform  disk  corresponds  to  L  -  0. 
For  a  spherically  symmetric  disk,  the  corresponding  model  PS 
P(r;  Rm.  V)  is  given  by 

P(r:  Rm.  V)  =  4rr 2 


ilr  rl[r :  Rm.  L')J0[2nri ■) 


\  it.  I  HiM-lil  autocorrelation  diameter  measures  t  filU.I  lor  the  various  observing  Kami, 'asses  A  linear  (egression  atialvsis  shows  a  strong  correlation 

with  a  measure  of  the  bias  induced  by  the  soft  image  wings  and  the  model  tit  diameter  value  \  sing  the  empirical  linear  regression  to  predict  the  unbiased  diameiei 
topm  » rrt /e\i  i>  a  function  »>f  ihe  measured  diameter  yields  the  wavelength-independent  result /)#  42  I  *  I  I  mas 
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where  J0(2trrr)  is  the  zeroth  order  Bessel  function  of  the  first 
kind  and  t  is  the  spatial  frequence  For  a  uniform  disk,  namely 
l '  =  0.  P(r;  R„.  0)  reduces  to 

P(t  :  Rm.  0)  -  ! ./ , ( 2 rrrr)  r|:  . 

with  J,  being  the  first-order  Bessel  function  of  the  first  kind 
The  computed  model  PS  and  its  first  partial  derivatives, 
i'Pir:  R„.  I  )  rRm  and  >'P(i .  R„,  L  )  <'L.'  (computed  as  first 
differences)  were  tabulated  for  use  in  an  iterative  nonlinear 
least-squares  fitting  procedure  (patterned  after  Jeffreys  1980. 
1981).  Since  aperture  effects  were  removed  by  the  point  source 
calibration,  this  function  should  model  the  PS  data  up  to  the 
cut-off  frequency  of  the  telescope  for  the  corresponding  observ¬ 
ing  bandpass 

The  observed  PSs  P„(t )  were  then  fitted  by  the  linear  com¬ 
bination 

P„l i  (  -  4Pti  .  Rm.  (  i  t  H 


where  4  and  li  are  constant  paranieic  -  -t  allow  .  ;  :  ■ 

i/ed  model  to  be  scaled  to  the  data,  and  II  w as  c. 
required  to  model  the  excess  power  consistent!-  r-.-.c 
the  highest  spatial  frequencies.  The  ratio  II  t  -1  -  /?> 
"unresolved  power"  in  this  modei  the  stai  niav  h.  ■> .  -tc1 
features  unresolved  at  the  telescope  diffraction  limit 

Figure  8  displays  two  different  models  which  .••  .  ■ 

guishahle.  over  the  spatial  domain  investiga'od 
tistical  precision  achieved,  with  regard  *i.e<r 
typical  radial  profile  This  illustrates  tiie  r-  u;>  '■  i 

models  given  the  marginal  capahihtv  of  the  1  S  m  .ip-rr,  • 
resolve  this  stai  we  could  not  siniultaneouslv  t>  K  uh  e  , 
eters  Rm  and  (  uniquely  to  any  single  observe'.!  PS  proi 
Therefore,  we  lived  the  linvh-daikeninu  p.itame’er  <  to  -  : . -  ■  i 
the  data  by  only  the  three  parameters  Rm.  t  .old  P  !  1  ,. 
darkening  parameter  l  was  then  varied  he'->  c-u>  1  1 
At  --  0.1.  and  different  R.  !.  and  II  vain  >  ate  !" 
each  of  the  corresponding  ihree-p-ua.nete'  fit*  !  '■ 
together  with  the  statistic'  from  those  lit-  arc  '■> 

The  unresolved  power  and  rm.  error  of  the  u;>  toi  (  '  r 

typical  lor  all  values  of  L  they  were  useb  ■  as  dis, 
of  goodness  of  lit. 

The  results  in  T able  are  shown  in  I  •gure  4  lie  .  - ! 
the  wide  scattering  of  the  inferred  rad  •  !oi  .a  it 
bandpass  and  tor  a  fixed  limb-darkening  coc'fkicm  i  : 
also  shows  the  extremes  of  how  different  umn-.i.o'  '  - 

models  give  different  measured  radii  for  our  data  set . 

ed  this  way.  the  ensemble  of  fits  suggest  a  pnvsi.a!  kev 
selecting  a  most  appropriate  model  from  the  ensemble  of  p 
sible  models 

The  limb  darkening  is  expected  to  be  a  function  of  wave¬ 
length.  An  interpretation  of  these  results,  which  we  have 
depicted  graphically  in  Figure  4.  is  possible  if  we  require  a 
single  fixed  physical  stellar  radius  Our  choice  (still  model  - 
dependent)  is  represented  by  the  horizontal  line.  -  32  s 
mas.  in  Figure  4.  If  we  assume  that  the  cosine  limb-darkening 
coefficient  l  can  be  no  greater  than  I.  nor  less  than  0.  our 
measurements  and  model  actually  set  upper  and  lower  limits  of 
the  physical  diameter  of  x  Ori  (the  dot-dash  lines  in  fig  4t. 
When  a  radius  is  fixed  for  the  stai,  the  limb-darkemr.v  coeffi¬ 
cients  for  each  of  the  spectral  bandpasses  can  be  predicted,  from 
the  intersections  of  the  radius  and  the  fitted  curves.  Possible 
values  are  tabu’ateJ  in  Table  4.  Alternatively,  if  drub 
darkening  coefficients  are  known  from  other  sources  te  g  , 
model  atmosphere  c.b .ulationsi.  then  the  radius  ol  the  s'ar  is 
measured 

The  limh-darkcnti  e  coefficients  'or  an  M2  supergnn'  dor 
have  been  computed  bv  Isup  (|9'-'6|  to  he  ou  I  0  (,>■  fit) 
bands,  and  0  4  ('  7  for  C'N  and  (  ( )  bands  w  hicli  ate  generated 
in  deeper  layers  of  the  stellar  atmosphere  In  oir  measure¬ 
ments.  the  bands  at  6500  \  2o  \  5500  \  100  \  and  sjoo 
A  100  K  fall  into  strong  f  iO  bands,  and  tfiev  are  highly  limb- 
darkened  with  i  at  '09  I  Ihis  yul.fs  ihe  model  radius 
R„  —  '2.5  mas  based  on  f  mute  4 

I-  vtremes  tor  the  hmb  darkening  v  oeflieient'  aie  tabulated  m 
f  able  4  Hie  values  inferred  are  du-  'o  'he  combined  result  .>! 
all  of  the  spectral  feature'  mv. iuded  vvi'hm  the  particular 
observing  baudpas'  In  late-type  'apcrgimt  't.iis  iiumcioii' 
features  are  usually  present  in  3  2o  \  bandp.i'si' 

l  'iifurtunately.  1  hi'  value  t--r  R„  predicts  /).„  (>5  mas 

larger  than  anv  t>f  the  values  toum;  ^v  the  \(T  an.tlvsis  of  the 
same  data  set'  I  mfiu  in  disk  im ;i'  - h.>vv  n  in  I  iguic  are 
expected  to  give  the  latgesl  p----  hU  O'lmi.iies  tor  /<„.  Sectn  n 
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f  K>  7  Tvpical  normalized  radial  averaged  data  and  model  PS  The  dotted  line  is  from  data  at  6500  A  70  A.  and  the  solid  line  is  for  a  best  lit  to  the  data  of  a 
selected  model  The  shaded  region  is  due  either  to  seeing  calibration  error  or  to  large  extended  structures  (or  both).  The  horizontal  bar  shows  the  region  used  loi 
model  titling 


IV  discusses  our  efforts  to  understand  these  model-dependent 
discrepancies. 

IV.  INTERPRETATION  OF  RESULTS 

We  consistently  use  the  notation  Rm  (DJ  to  denote  model- 
dependent  estimates  of  the  stellar  radius  (diameter).  These  esti¬ 
mates  are  model-dependent  because  x  Ori  is  probably  a  more 
complex  object  than  can  be  described  by  the  simple  model 
used.  There  is  strong  empirical  evidence  for  model-inadequacy 
bias  in  the  results  obtained  by  both  our  modeling  procedures. 

Evidence  from  several  other  sources  (e.g..  Ricort  et  al.  1981, 
Roddier  and  Roddier  1983;  Tsuji  1979,  White  1980,  and  refer¬ 
ences  therein)  also  suggests  that  x  Ori  is  surrounded  by  a  faint 
envelope  detectable  in  optical  bandpasses  out  to  5  stellar  radii. 


Least-squares  fitting  procedures  minimize  residuals  by  adjust¬ 
ing  the  available  parameters.  Fitting  models  with  no  param¬ 
eters  to  describe  such  extensions  will  yield  biased  parameters 

The  PS  analysis  showed  the  inability  of  models  fitted  to  data 
at  the  3.8  m  resolution  of  the  telescope  to  distinguish  betw  een  a 
soft-edged,  limb-darkened  object  and  a  hard-edged  object  of 
smaller  radius.  The  PS  model  profile  is  a  good  lit  to  the  data  at 
radii  corresponding  to  the  PS  fitting  domain  (indicated  in  fig 
2).  but  it  seriously  overestimates  the  diameter  of  the  object. 
Similarly,  experiments  in  the  image  ACT  domain  emphasize 
the  high-frequency  response  produced  by  the  stellar  core. 
Models  of  both,  however,  will  be  biased  by  additional  signal  at 
intermediate  to  lower  image  frequencies. 

The  series  of  models  fit  in  the  image  ACF  domain  also 
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TABLE  4 

PS  Model  Limk-imrkenisg  Coefficients  of  *  Orionis 
Wavelength  < A) 
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least-squares  sense,  diameter  variations  with  a  A  I)/ 
A  7.  =  —  6(±l)x  10  3  mas  nm  1  wavelength  dependence. 

Although  empirical,  our  method  for  determining  the  bias  in 
ACF  diameter  measures  yields  an  estimate  of  the  model- 
dependent  bias  determined  from  analysis  of  the  data  itself  (by 
linear  regression).  It  invokes  no  further  physical  models  of  the 
stellar  structure.  The  linear  regression  is  of  course  itself  a 
model  adding  two  further  degrees  of  freedom  in  the  interpreta¬ 
tion  of  the  data.  The  data  statistics  do  not  permit  us  to  cate¬ 
gorically  assert  that  the  stellar  envelope  extends  to  the  large 
radii  (to  R,k>  =  0"2)  seen  in  some  of  the  ACFs.  These  residuals 
may  still  be  due  to  poor  seeing  calibrations.  The  fact  that  the 
residuals  are  always  positive  suggests  a  stellar  effect.  Further¬ 
more,  we  conclude  that  the  soft  edges  are  real.  This  has  been 
modeled,  at  least  in  first  approximation,  by  the  limb-darkening 
measures  discussed  above. 

This  begs  the  issue  of  bias  in  the  limb-darkening  measures. 
At  the  resolution  of  the  3.8  m  aperture  used,  it  is  a  subtle  effect 


0  8  16  24  32 

Radius  (722  mas/pixei) 

\  h*  5  The  A(i  corresponding  lo  (he  same  /6500  20  A  data  as  m  T  ig  2 
\pluwt’ %|  A  uniform  disk  model  titled  to  the  data  shows  large  positive  residuals 
beyond  the  apparent  stellar  limb  A  straight  line  fit  through  the  most  poorly 
modeled  data  points,  as  shown,  was  used  to  estimate  H  and  R vkk  {Table  1.  cots 
f }  |  ( 4 J)  for  computing  the  “  figure  of  bias ”  {Table  I.  col.  |  5 J).  as  discussed  in 
the  lest 


at  best.  As  shown  in  Figure  4.  we  do  sense  an  edge-softening 
effect.  Our  values  of  U  can  be  little  more  than  qualitative 
indicators,  but  it  is  significant  that  they  appear  to  vary  in 
qualitative  agreement  with  astrophysical  predictions  (eg., 
Tsuji  1976).  We  believe  the  net  effect  of  our  ACF  bias  analysis 
is  to  rescale  the  values  of  the  PS  radius  estimates  (ordinate  of 
Fig.  4),  so  that  the  line  representing  the  common  Rm  =  32.5 
mas  falls  at  an  unbiased  value  Rt  =  21  mas,  the  physical  radius 
of  the  star.  This  conjecture  was  tested  by  attempting  other  fits 
with  successively  higher  low-frequency  limits  to  the  model¬ 
fitting  range  (shown  in  Fig.  2).  This  should  have  reduced  the 
sensitivity  of  the  model  to  low-frequency  image  extensions  As 
expected,  the  fits  did  yield  smaller  Rm  values  but  could  not  be 
made  to  move  them  all  the  way  to  overlap  the  values  obtained 
from  the  ACF  fits.  This  inconclusive  result  is  apparently  a 
consequence  of  the  inadequacy  of  a  3.8  m  aperture  for  these 
measurements. 

Most  of  the  previous  results.  Table  2,  lie  above  our  smaller 
unbiased  result.  We  suggest  the  reason  is  that  most  of  those 
results  are  biased  by  the  presence  of  a  real,  possibly  lime- 
variable.  circumstellar  shell  and  by  wavelength-dependent 
limb-darkening.  We  believe  that  the  scatter  in  the  measures 
represents  real  attributes  of  the  star,  but  that  failure  to 
adequately  model  them  yields  overestimates  of  the  stellar 
diameter. 

V.  CONCLUSIONS 

The  scatter  of  past  speckle  interferometric  angular  diameter 
measures  for  x  Ori  appears  to  indicate  that  the  models  used  to 
extract  the  results  were  inevitably  inadequate  to  account  for  all 
the  complexity  of  the  star  contained  in  the  data  A  simple 
stellar  disk  intensity  profile,  namely  a  limb-darkened  disk  with 
variable  coefficients  for  different  spectral  features  and  with  a 
single,  physical  radius,  is  an  improved,  but  still  biased,  model 
of  our  data.  When  adjusted  appropriately  for  the  bias  induced 
by  circumstellar  features  (real  or  seeing  residual),  the  scatter  in 
our  results  is  accomodated.  This  leads  to  a  reasonable  explana¬ 
tion  for  the  wide  scatter  in  other  observed  data  as  well.  Our 
measured  angular  diameter,  Dt  =  42. 1  ±  1.1  mas.  independent 
of  wavelength.  is  consistent  with  all  previous  measurements  if 
the  measures  of  previous  workers  are  subject  to  limb- 
darkening  effects  and  similar  model-dependent  biases  induced 
by  a  possibly  variable  (Hebden  et  al.  1986)  extended  stellar 
envelope. 

There  is  a  good  deal  of  evidence  that  the  apparent  exten¬ 
sions.  between  1  and  5 Rt.  which  bias  simple  speckle  interfer¬ 
ometry  diameter  measures,  are  physical  attributes  of  x  Ori  and 
not  systematic^  of  the  speckle  interferometric  process,  and 
further  that  they  arc  wavelength-dependent.  Roddier  and 
Roddier  (1983.  1985).  for  example,  find  a  37  mas  angular  diam- 
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eter  stellar  disk  embedded  in  an  emeiope  of  SO  mas  diameter  at 
A  =  5348  A.  consistent  with  earlier  measuies  by  Rieort  et  ai 
(1981).  Karovska  et  ai.  |19S6|  siiggesi  the  lurther  complication 
of  faint  companions. 

It  is  not  clear  whether  the  Roddiers'  /)_  --  37  mas  result 
includes  Iimb-dai  ketnng  etfects:  if  it  does  not.  then  that  mea¬ 
surement  is  consistent  with  our  limb-darkened  measures. 
Theoretical  predictions  teg..  Hartmann  and  Avrett  19X4) 
suggest  extended  structures  White  1 1 9X0)  summarized  the 
wavelength  dependence  of  various  measures  of  y  On.  obtained 
from  a  number  of  techniques,  indicating  evidence  for  larger 
diameters  at  shorter  wavelengths,  qualitatively  similar  to  our 
ACT  measures  shown  in  Table  I  and  Figure  I  White  (19X0) 
also  notes  that  circumstellar  emissions  would  bias  occultation 
diameters  to  larger  values,  a  suggestion  similar  to  the  one  we 
have  invoked  here.  Based  on  estimates  of  the  etlccts  of  such 
bias.  White  concludes  that  t.  .-  best  estimate  tor  the  limb- 
darkened  photospheric  diameter  is  43  mas.  ;l  value  quite  con¬ 
sistent  with  our  19X1  data  by  this  analysis 

Our  measured  limb-darkening  ..due-  are  also  consistent 
with  those  predicted  from  mode!  atmosphere  calculations. 
Refined  model  atmosphere  calculation-  of  ihe  particular  limb 
darkening  coefficients  for  our  observed  speclial  bands  are 
required,  in  order  to  evaluate  more  precisely  Ihe  exact  ruduis  of 
a  Ori.  If  speckle  interferometry  is  to  be  a  direct  probe  of  the 
atmosphere  of  resolvable  late-type  supergiant  stars,  very 
careful  choice  of  spectral  regions  for  observation,  as  well  as 
more  sophisticated  models  for  the  interpretation  of  measure¬ 
ments.  are  required 

The  effective  tempetature  ol  •/  On  remains  an  open  ques  .  m 
(see  review  in  Tsuji  1978).  1  sup's  limb-darkened  angular  diam¬ 
eter  of  41  3  mas.  corresponding  to  3400  i  1  50  K.  spans  both 

our  observed  42  mas  value  and  the  4  2  mas  inferred  by  W  hite 


(19X0)  A  lower  effective  temperature  favors  formation  of  sili¬ 
cate  dusl  in  Us  circumstellar  envelope,  which  has  been 
observed  in  the  past  (see.  e  g.  W'oolf  and  Ney  1969) 

Fhc  further  study  of  theoretical  model  atmospheres  of  late- 
type  supcrgiant  stars,  their  circumstellar  envelopes,  and  related 
mass  loss  mechanisms  will  benefit  greatly  from  future  higher 
resolution  measures  obtainable  (Hege  cl  ai  19X5)  using  ihe 
MMT.  Computed  profiles  showing  the  added  advantage  due 
to  the  higher  MMT  resolution  are  given  in  Figure  <>  We  antici¬ 
pate  that  details  of  temperature  calculations  can  be  refined 
using  better  limb-darkening  measures. 

There  remains  ihe  possibility  not  only  lhat  the  measurement 
of  the  radius  of  y  Ori  by  speckle  interferometry  is  subject  to 
methodological  bias,  but  also  that  the  stellar  diameter  may 
indeed  be  variable  with  time  Because  of  the  uncertainty  m 
what  was  actually  measured,  plotting  diameters  det-'iminc.t  by 
speckle  interferometry  as  a  function  of  the  phase  of  its  \X  ,  r 
period  las  in  White  1 9X0)  is  inconclusive.  Variability  of  diam¬ 
eter  is  certainly  an  interesting  possibility  and  deserves  carclui 
monitoring  in  a  svstematic  and  unbiased  way  White  (19X01 
suggests  diameter  variations  on  the  order  of  *  15"..  based 
strongly  on  a  icview  therein  of  Pease’s  eariiet  t!4?!)  Michaei- 
son’s  interferometer  observations. 

It  appears  that  there  are  features  on  the  surface  of  *  Or. 
which  remain  unresolved  at  the  diffraction  limit  of  even  the 
largest  telescopes  (Goldberg  et  ai  19X1 ;  Hebdcn  el  a!  19X6)  If 
these  features  arc  variable,  this  would  have  also  biased  Pease  - 
fringe  visibility  estimates  of  diameter  to  systematically  lowci 
values,  as  the  high  spatial  frequency  component  las  seen,  for 
example,  in  Fig  I )  would  cause  the  fringe  v  isibility  to  persist  to 
larger  shears  in  proportion  to  its  relative  energy.  Thus  the 
question  becomes  Is  y  Ori  a  diameter  variable  as  well  as  a 
surface  activity  variable 
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All  this  argues  the  need  for  a  systematic  set  of  measures, 
done  in  a  self-consistent  way,  with  the  highest  resolution  pos¬ 
sible,  which  is  currently  that  obtainable  with  the  MMT. 
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ABSTRACT 

In  this  paper  we  show  the  effect  of  different  seeing  conditions,  as  parametrized  by  the  atmospheric 
coherence  scale  r0,  upon  standard  Labeyrie  (1970)  analysis  for  independent  observations  of  both  a 
resolved  object  and  its  point-source  calibrator.  Atmosphere-dependent  effects  are  shown  by  using  both 
models  and  data.  We  show  how  to  sort  the  data  into  like-seeing  bins  in  order  to  produce  a  calibrated- 
image  power-spectrum  estimate.  We  also  justify  using  a  stronger  weighting  of  intermediate  spatial 
frequencies  in  the  image  power-spectrum  estimator  when  fitting  physical  parameters  constrained  by 
image  models  to  characterize  the  object.  The  use  of  data-editing  techniques  to  eliminate  bad  speckle- 
grams,  thus  improving  the  image  power-spectrum  estimate,  is  also  discussed. 


I  INTRODUCTION 

An  intensified  video  camera  with  digital  readout  has  been 
used  at  Steward  Observatory  since  1979  (Hubbard  et  al. 
1979)  to  obtain  high-angular-resolution  information  about  a 
number  of  astronomical  objects  (Hege  et  al.  1981,  1982a,b; 
Drummond  et  al.  1985a, b;  Cheng  et  al.  1985;  Hege  et  al. 
1985).  The  standard  reduction  process  for  speckle  interfero¬ 
metry  (SI)  is  that  first  proposed  by  Labeyrie  (19701  and  in¬ 
volves  computing  the  unbiased  power  spectrum  for  data  sets 
of  both  a  resolved  object  and  an  unresolved  point  source.  A 
seeing-compensated  image  power-spectrum  estimator  of  the 
resolved  object  is  obtained  by  taking  the  quotient  of  the  two. 
A  full  description  of  this  process  is  given  by  Hege  et  al. 
(1982a)  and  is  further  discussed  in  Sec.  II. 

If  the  time-dependent  statistics  of  the  atmosphere  are  dif¬ 
ferent  between  the  resolved  object  and  the  unresolved  object, 
then  this  power-spectrum  estimator  quotient  is  not  properly 
calibrated  for  the  variable  seeing  effects.  Because  of  this,  an 
image  power-spectrum  estimator,  computed  as  a  simple 
quotient  as  above,  will  contain  spurious  power,  which  can 
lead  to  misinterpretation  of  the  final  results  This  problem 
has  been  previously  discussed  by  Aime  et  a/.  (1978)  for  appli¬ 
cation  to  speckle  measurements  of  the  solar  granulation  and 
by  Mariotti  et  al.  (1983)  for  application  to  infrared  speckle 
imaging.  We  have  studied  this  problem  using  both  normal 
and  log-normal  models  for  the  statistics  of  the  complex  wave 
front  after  passing  through  the  turbulent  atmosphere.  A  pro¬ 
cedure  has  been  implemented  which  (i|  locates  and  omits 
“bad”  specklegrams  from  a  data  set  and  lii)  sorts  the  good 
specklegrams  into  bins  of  like  seeing  as  determined  from  the 
second-order  moment  of  the  speckle  cloud. 

The  final  power  spectrum  estimators  are  then  computed 
by  using  data  from  the  same  seeing  bins  for  each  object  The 
results  produced  for  the  resolved  red  supergiant  Alpha 
Orionis  by  this  improvement  to  the  reduction  procedure  are 
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reported  in  another  paper  (Cheng  et  al.  1985),  whereas  this 
paper  concentrates  upon  the  theory  and  technique  of  seeing 
calibration. 

II  EXPERIMENTAL  DETERMINATION  OF THF  OBJECT  POWER 
SPECTRUM 

An  individual  specklegram  is  conventionally  represented 
as  a  convolution  of  the  object  distribution  0(r)  with  the  in¬ 
stantaneous  point-spread  function  of  the  telescope-atmo¬ 
sphere  combination  s(r),  i.e., 

Hr)  -  o(r)*j(r),  (1) 

where  *  denotes  convolution  and  r  implies  a  two-dimension¬ 
al  spatial  domain.  The  time-averaged  power  spectrum  can  be 
written  as 

PS=(!/|/)|:>  =  |0(/)|-<!5(/)|2>,  (2) 

where  /  (/)  is  the  Fourier  transform  of  i(r),  etc.  in  the  corre¬ 
sponding  two-dimensional  spatial  frequency  domain  /.  In 
Labeyrie's  theory  of  SI  (Labeyrie  1970),  the  measured  power 
spectrum  for  the  resolved  object  is  deconvolved  by  dividing 
it  by  the  power  spectrum  of  an  unresolved  object  taken  under 
similar  seeing  conditions  as  implied  by  Roddier  (1981).  The 
power  spectrum  of  the  unresolved  object  should  give  the 
speckle  transfer  function  (STF),  <|S(/)|2)  =  PS^ ,  so  that  the 
desired  object  power  spectrum  can  be  recovered  by  the  fol¬ 
lowing  relation 

|0[/)|2  =  PS/PS5.  (3) 

The  measured  power  spectra  in  equation  (2)  also  include 
noise-bias  terms  due  to  photon  statistics,  which  must  be  re¬ 
moved  before  the  quotient  (3)  is  computed  (Hege  et  al. 

1982a). 

HI  MODELING  THE  SPECKLE  TRANSFER  FUNCTION 

Equation  (2)  represents  the  time-averaged  power  spec¬ 
trum  of  a  set  of  specklegrams  as  the  product  of  the  object 
power  spectrum  with  the  time-averaged  STF  given  also  by 
equation  (2)  for  an  unresolved  (point)  source.  The  quality  of 
the  measurement  of  the  STF  determines  the  ability  of  SI  to 
obtain  diffraction-limited  information  in  the  presence  of  the 
turbulent  atmosphere.  This  function  contains  terms  repre¬ 
senting  both  the  telescope  and  atmosphere  transfer  functions 
and  has  been  well  studied,  with  excellent  descriptions  of  its 
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derivation  given  by  Korff  (1973),  Fried  (1979),  and  Roddier 
(1981).  They  show  that  the  STF  has  no  simple  analytical 
expression  when  log-normal  statistics  are  used,  but  that  it 
can  be  represented  approximately  by  a  two-component  mod¬ 
el  for  the  normal  statistics  case.  The  first  component  is  for 
spatial  frequencies  up  to  the  atmospheric  cutoff  f0  =  r^X 
and  the  second  for  frequencies  lying  between  f0  and  the  tele¬ 
scope  diffraction  limit/.  =  D  /X,  where  X  is  the  wavelength 
of  observation,  r0  is  the  coherence  length  of  the  atmosphere 
as  defined  by  Fried  ( 1966),  and  D  is  the  diameter  of  the  tele¬ 
scope  aperture.  Fried  (1979)  has  shown  that  this  two-compo¬ 
nent  model  is  a  valid  approximation,  especially  for  large  val¬ 
ues  of  the  ratio  of  D  /r0  (notably  large  telescopes  or  poor 
seeing). 

The  low-frequency  (0  </ </„ )  component  is  approximat¬ 
ed  by  the  transfer  function  of  a  long  exposure  with  the  wave 
front  tilt  removed,  as  for  a  rapid  guided  image,  i.e.. 


<|S(/)I2>LF 

=  |T(/)|J  exp  (  -  6M(Xf/r0f  ’  ( 1  -  (Xf/D)'1']  |,  (4) 

where  T[f)  is  the  telescope  transfer  function  given  by  the 
autocorrelation  of  the  aperture.  The  high-frequency 
(f0<f  </0)  component  is  approximated  by  the  relation 

(|S(/)|2>hf  =  0.435(ro/Z))2  T{f).  (5) 

The  above  approximations  describe  a  STF  dependent 
upon  three  parameters.  Two  of  these,  D  and  X,  can  be  con¬ 
trolled  by  the  observer,  but  the  third,  rot  is  determined  from 
the  random  nature  of  the  seeing.  It  is  therefore  important  to 
consider  the  effect  of  varying  r0  upon  the  STF.  Figure  1(a) 
shows  the  STF,  as  computed  using  equations  (4)  and  ( 5 ),  for  a 
range  of  values  of  ra  from  10  to  35  cm  for  a  telescope  of 
aperture  D  =  4m  and  an  observing  bandpass  centered  at 
X  =  650  nm.  Figure  1(b)  shows  the  same  thing,  but  comput- 


Fic.  1.  |a)  Models  of  the  speckle  transfer  func- 
tion  using  the  two  components  as  described  in 
the  text,  “a"  is  the  seeing-dominated  compo¬ 
nent  and  “b”  is  the  high-frequency  term,  which 
allows  information  recovery  to  the  diffraction 
limit.  The  parameters  were  chosen  for  an  ob¬ 
scured  aperture  corresponding  to  the  4  m  and 
for  ra  equal  to  10,  15, 20, 25,  30,  and  35  cm.  The 
telescope  transfer  function  T{  /)  is  also  shown 
for  D  =  3.8  m  with  an  obscuration  ratio  of  0.3. 
(b)  STF  models  for  the  same  range  of  r0  with  the 
log-normal  statistical  model. 
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ed  using  the  log-normal  model  It  can  be  seen  in  both  sets  of 
plots  that  as  ra  decreases  in  value  then  both  the  width  of  the 
low-frequency  component  and  the  amplitude  of  the  high- 
frequency  component  decrease.  The  telescope  transfer  func¬ 
tion  T{f)  is  also  shown.  Comparison  of  Figs.  1(a)  and  1(b) 
shows  that  as  r(l  increases  the  difference  between  the  two 
models  also  increases,  especially  over  the  intermediate  fre¬ 
quency  range.  However,  the  normal  model  is  shown  to  be  a 
good  approximation  when  the  ratio  D  fr0  is  large. 

The  object  power-spectrum  estimator  (31  can  be  rewritten 
as 

PS0  =  |0(/)|2PS*/PS*,  (6) 

where  PS^  represents  the  STF  for  the  object  data  set  and  PSA 
is  the  STF  of  the  point  source.  If  the  seeing  is  the  same  for 
both  objects,  then  PS*  —  PS,,  and  PS„  is  in  fact  a  good  esti¬ 
mate  of  the  object  power  spectrum.  However,  for  different 
seeing  conditions  the  power  spectrum  will  be  contaminated 
by  the  term  PS*/PS*  In  order  to  study  the  effect  of  this 
contamination  we  computed  quotients  of  the  STF  at  differ¬ 
ent  values  of  ra .  This  effect  is  seen  in  Fig.  2,  w  hich  shows  the 
quotients  for  different  values  of  r,  relative  to  two  different 
“worst  cases"  of  10  cm  [Fig.  2(a)]  and  30  cm  [Fig.  2(b)], 
respectively,  as  computed  using  the  normal  model  For  the 
latter  case  when  D/rn~- 10  the  quotients  are  also  shown 
computed  for  the  log-normal  model  [Fig.  2(c)].  Figures  2|b| 
and  2(c)  agree  very  well  at  spatial  frequencies  >0.3/..  At 
lower  spatial  frequencies,  however,  the  log-normal  model 
has  a  greater  range  over  which  the  differences  in  seeing  af¬ 
fect  the  slope  of  the  quotient.  The  frequency  of  greatest  dif¬ 
ference  is  at  a  lower  frequency  in  the  log-normal  model  than 
in  the  other.  These  figures  demonstrate  the  seeing  statistics 
dominated  domain  at  the  lowest  spatial  frequencies  (/ <fB) 
modeled  by  (4).  Over  the  seeing-dominated  region  of  the  quo¬ 
tient  there  is  a  sharp  increase  in  excess  power  as  the  seeing 
degrades.  For  higher  spatial  frequencies,  where  the  telescope 
transfer  function  dominates,  the  excess  power  is  frequency 
independent  and  goes  as  the  square  of  the  ratio  of  the  two 
different  r„’s.  The  greater  the  relative  difference  in  r„  the 
more  pronounced  are  those  effects  and  the  more  sensitive  the 
quotient  becomes  to  the  differences  in  seeing  It  can  also  be 
seen  that  the  worse  the  seeing  the  larger  the  quotient  be¬ 
comes  for  the  same  absolute  difference  in  r„,  although  the 
width  of  the  low-frequency  spike  is  reduced  commensurate 
with  the  larger  seeing  disk  The  effect  of  an  inadequate  seeing 
calibration  is  therefore  to  multiply  the  object  power  spec¬ 
trum  by  a  function  resembling  those  shown  in  the  two  pane's 
of  Fig  2.  For  the  case  of  the  point  source  having  poorer 
seeing,  the  energy  at  frequencies  in  the  seeing  domain  will  be 
increased  and  significant  spurious  unresolved  energy  will  be 
introduced.  A  correct  deconvolution  therefore  requires  that 
observations  of  the  resolved  and  unresolved  objects  with 
similar  seeing  statistics  be  accumulated  before  attempting 
the  calibration  given  by  |3) 

tv  DATA  SH  1  (  I  ION 

The  arguments  of  the  preceding  section  imply  a  require¬ 
ment  that  the  data  be  binned  accoiding  to  the  seeing  Besides 
being  affected  by  the  seeing,  the  speck iegrains  are  aho  con¬ 
taminated  by  a  variety  of  processes  after  detection,  due  to  the 
nature  of  the  detector  and  signal  processing  hardware.  We 
have  implemented  a  data-editing  algorithm  which  inspects 
everv  specklegram  to  identify  and  exclude  any  bad  frames, 
including  those  In  where  the  sp<  el  !es  are  v.i'nian-d  such  that 


they  become  “clipped,"  (iii  which  contain  anomalously  low 
signal  due  to  a  shutter  malfunction  or  to  passing  clouds  and 
(iii)  which  contain  only  part  of  the  speckle  cloud  due  to  guid¬ 
ing  errors  within  the  detector  field  of  view  (typically  0.5-5 

arcsec). 

For  high-precision  work,  we  have  also  found  it  useful  to 
correct  for  calibratable  systematic  detector-induced  arti¬ 
facts  including  (i)  geometric  (pincushion)  distortion,  (ii)  de¬ 
tector  vignetting  and  Hatfield  response,  and  (iii)  signal-de¬ 
pendent  video  pedestal  (“black  level”)  due  to  the 
video-cassette  recorder  response  characteristics.  When  see¬ 
ing  conditions  and  choice  of  detector  image  scales  are  such 
that  the  specklegram  at  the  instrumental  focal  plane  is  larger 
than  the  detector  field  of  view,  additional  apodizing  to  force 
the  data  smoothly  and  continuously  to  zero  at  its  boundaries 
is  also  necessary. 

Our  speck legrams  are  digitized  into  128  X  128  arrays  of  8- 
bit  pixels.  The  saturated  specklegrams  arc  located  as  those 
which  have  the  greatest  number  of  pixels  with  values  >250. 
The  limit  is  chosen  by  visual  inspection  of  a  sample  of  the 
specklegrams.  The  low-power  frames  are  simply  found  by 
summing  all  the  power  within  a  specklegram  and  comparing 
to  some  threshold.  The  poorly  guided  frames  are  located  by 
computing  the  first-order  moment  of  the  specklegram  to  ob¬ 
tain  the  frame  centroid.  If  this  lies  outside  a  certain  range, 
then  the  frame  is  omitted. 

The  second-order  moments  about  the  centroid  of  the  well- 
guided  specklegrams  are  also  computed,  giving  the  disper¬ 
sion  of  power  within  the  frame,  and  thus  the  size  of  the 
speckle  cloud.  This  size  parameter  is  then  used  to  sort  the 
data  according  to  the  instantaneous  seeing.  In  order  to  relate 
this  size  parameter  a  to  an  estimate  of  the  seeing  as  defined 
by  the  Fried  parameter  r„,  we  assume  the  speckle  cloud  to 
obey  (in  first  approximation)  a  Gaussian  distribution,  i.e., 


I{r)  —  d  exp  [  —  (r2 /2a2)}.  (7) 

The  Fourier  transform  of  (7)  is 

/(/)  =  v  2 tt  A  exp[  -  2{atr/)2],  (8) 

where  the  exponent  can  be  compared  to  the  form  exp  [  —  (// 
/, )2]  such  that 

/,  =  1  \2tra.  (9) 


Seeing  theory  (Woolf  1982)  predicts  that  the  seeing  disk 
has  no  analytic  expression  but  is  the  Fourier  transform  of  a 
function  of  the  form  exp  [  —  (///,)5/  ’]  [cf.  equation  (4)].  The 
difference  between  this  and  a  Gaussian  is  nonnegligible  but 
small,  with  the  Gaussian  having  greater  amplitude  at  low 
frequencies  and  falling  far  below  at  higher  frequencies.  The 
rms  difference  between  the  two  functions  is  approximately 
2%  of  the  peak  amplitude.  Thus  the  Gaussian  represents  a 
good  first-order  approximation.  Since  f  =  r„/2.lA  (Woolf 
1982)  we  obtain  the  r„  estimator 

r.  -2/2<7.  (10) 

Theoretically,  it  is  not  strictly  possible  to  interpret  the  mea¬ 
surement  of  r.  as  being  an  estimate  of  ra  because  the  latter  is 
defined  only  for  a  long-exposure  image.  Equation  (10)  is, 
however,  an  expedient  estimate  of  the  equivalent  aperture 
size  for  which  the  speckle  cloud  represents  the  instantaneous 
angular  resolution  of  the  atmosphere. 

V  EXPERIMENTS 

We  have  analyzed  specklegrams  for  the  resolved  super- 
giant  Alpha  Orionis  (object)  and  an  unresolved  star  Gamma 


Ratio 
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Orionis  (comparison)  taken  2  :.nd  3  i  cb;  u.i:y  I  vK  I  with  the  4 
m  Mayal)  telescope  i  with  an  effective  aperture  ■  it  3.8  mi  oper¬ 
ated  at  Kitt  Peak  National  Observatory,  National  Optical 
Astronomy  Observatories  iNOAO1.  Observations  at  a  num¬ 
ber  of  different  wavelengths  with  integration  times  of  ap¬ 
proximately  lu  mm  for  the  program  object  and  >  min  for  the 
comparison  were  made.  The  data  were  acquired  with  the 
Steward  Observatory  speckle  camera  and  recorded  onto  3/ 
4'  U-Matic  videotape  using  the  system  described  by  Hegeer 
al.  Il982a|.  The  video  specklegrams  were  digitized  later  us¬ 
ing  the  Gnnnell  and  EDS  Point  4  systems  at  Steward  ( )bser- 
vatory  and  the  data  reduction  was  accomplished  using  the 
Cyber  720/172  at  NOAO 

Before  the  power  spectra  were  computed  we  ran  the  data 
through  a  selection  algorithm  to  flag  the  good  and  bad 
frames  and  to  tag  the  good  ones  according  to  the  seeing  esti¬ 
mate  r,.  We  found  that  the  selection  algorithm  could  throw 
out  as  much  as  70^  of  the  data,  mostly  because  of  saturated 
speckles  Ithere  was  considerable  variable  high  cirrusl.  indi¬ 
cating  the  need  for  careful  monitoring  of  the  detector  gain 
while  observations  are  in  progress.  Seeing  bins  of  width  re 
—  1.5  cm  were  chosen. 

The  power-spectrum  reduction  routines  then  computed 
average  power  spectra  for  the  data  in  each  of  the  seeing  bins. 
The  interpretation  and  analysts  of  this  successful  reduction 
of  the  Alpha  Orionis  power  spectra,  yielding  the  first  ever  set 
of  stellar  limb-darkening  measures,  is  discussed  by  Cheng  el 
al.{  1985). 

The  mean  values  of  the  seeing  estimates  for  three  data  sets 
of  Alpha  and  Gamma  Orionis  are  presented  in  Table  I  This 
also  gives  the  mean  measurements  of  the  speckle  cloud  size 
indicating  the  spectacular  suburcseccnd  seeing  for  this  ob¬ 
serving  run.  (It  can  happen  at  Kitt  Peaki  The  seeing  esti¬ 
mates  r,  are  also  shown  corrected  for  zenith  angle  z  and 
computed  for  the  standard  wavelength  of  500  run  using  the 
relation 

cos'  Q.  (Ill 

Figure  3  shows  histograms  for  the  distribution  of  the  in- 
tantaneous  seeing  estimates  r  for  all  six  data  sets.  For  the 
650  nm  data  set  the  seeing  distribution  for  (he  two  is  very 
similar,  with  mean  values  of  approximately  42  cm  for  each. 
The  854.2  nm  data  set,  however,  represents  the  other  ex¬ 
treme.  where  the  tails  of  the  two  distributions  barely  overlap 
At  656.3  nm  there  is  more  of  an  overlap  but  the  mean  of  the 
two  distributions  are  separated  by  more  than  4  cm  Based  on 
the  model  calculations,  these  plots  manifes'lv  demonstrate 
the  need  for  seeing-dependenl  calibrations 
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The  shapes  of  these  histograms  differ  somewhat  from  each 
other,  but  all  appear  superficially  to  resemble  a  normal  dis¬ 
tribution.  However,  it  is  important  to  note  that  both  tails  of 
the  distribution  have  been  clipped  due  to  the  data-selection 
algorithm.  The  exclusion  of  the  saturated  data  sets  affects 
the  high  r.  tail  because  for  good  seeing  there  is  a  greater 
average  power  per  speckle  and  therefore  a  greater  probabil¬ 
ity  of  saturation  The  low  r  tail  is  effected  by  the  exclusion  of 
specklegrams  whose  effective  width  was  equivalent  t<  the 
frame  size,  thus  making  it  difficult  to  obtain  an  estimat"  of 
r. . 

The  data  presented  here  were  not  taken  with  the  usual 
obvious  observing  disciplines  and  techniques  which  the 
models  imply  This  in  part  explains  the  differences  in  the 
seeing  distribution  between  Alpha  and  Gamma  Ononis.  The 
objects  are  not  close  in  the  sky  and  no  attempt  was  made  to 
chop  back  and  forth  between  them  to  minimize  the  differ¬ 
ences  of  the  seeing  statistics 

We  have  since  begun  an  observing  technique  similar  to 
that  used  for  photometry  Two  comparisons  are  observer* 
bracketing  the  program  object,  and  for  bright  objects  the 
integration  times  are  kept  short  (~2  min),  whereas  they  are 
longer  for  fainter  objects  (  ^  10  min)  in  order  to  increase  the 
photon  SNR.  This  allow  s  for  a  greater  probability  of  similar 
seeing,  but  r.  has  been  observed  to  vary  substantially  within 
a  5-10  min  interval.  Thus  the  specific  observing  program 
must  optimize  the  competing  opposite  tendencies,  a  not  unu¬ 
sual  physical  circumstance. 

Figure  4  illustrates  the  nature  of  such  variable  seeing.  This 
shows  the  v  ariation  of  r,. ,  as  estimated  for  1  s  data  bins,  as  a 
function  of  time.  The  data  set  w  as  of  one  of  the  components 
ofe’  Lyrae  taken  with  the  Steward  Observatory  2.3  m  at  Kitt 
Peak.  The  seeing  estimate  varies  from  -  1 1  to  ~  17  cm  with 
a  —  14  cm  mean  value  There  is  —90s  period  in  the  variabil¬ 
ity  of  the  seeing,  indicating  that  even  with  such  short  integra¬ 
tion  times  it  would  be  possible  to  have  quite  different  mean 
seeing  values.  Hence  there  is  still  a  need  for  the  seeing  cali¬ 
bration  of  the  speckle  data. 

The  effects  of  seeing  stability  have  not  yet  been  thoroughly 
investigated,  and  the  statistics  of  the  variation  of  r,  as  a  func¬ 
tion  of  time,  as  well  as  the  effects  of  atmosphere  correlation 
time  variability,  are  beyond  the  scope  of  this  paper,  although 
they  are  currently  under  investigation. 

The  curves  presented  in  Fig  2  show  the  model-predicted 
appearances  of  the  S  fT  quotients  at  different  values  of  r„. 
Figure  5  shows  observations  of  the  same  effects  using  the 
data  for  Gamma  Orious  at  =  650  nm.  The  quotients  are 
computed  wi'ii  respet  t  to  the  worst  seeing  (smallest  rt )  case. 
Qualitatively,  the  models  IFig.  2|  and  the  data  are  very  simi¬ 
lar,  -.bowing  two  components,  a  constant  bias  at  high  spatial 
frequencies,  and  a  sharp  excess  in  the  seeing-dominated  do¬ 
main.  The  quantitative  differences  can  be  explained  as  being 
due  in  part  to  values  of  r  not  having  been  properly  calibrat¬ 
ed  to  r  and  also  to  errors  caused  by  the  fitting  and  removal 
of  the  photon  noise  bias  and  detector  transfer  function.  The 
curve  for  r.  3d  cm  was  computed  by  splitting  the  data  set 
into  two  halves  and  taking  the  quotient  of  the  two  debiased 
power  spectra  This  gives  a  measure  of  the  inherent  noise  in 
these  quotients  The  amplitudes  of  the  low-frequency  spikes 
of  the  seeing-dominated  component  are  similar:  however, 
the  models  predict  a  greater  discrepancy  than  observed  for 
the  high-frequency  component  The  qualitative  behavior  of 
the  curves  is  the  same  in  that  the  closer  the  two  values  of  rc 
the  nearer  unity  is  the  frequency-independent  component 
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Fig.  4.  Variation  of  r,  for  1  s  bins  as  function  of 
time  showing  periodic  variability  of  the  seeing. 


Time  (minutes) 


(L  </</.  I-  For  frequencies  below  but  near/,,  the  effects  of 
signal  statistics  and  small  number  divisions  dominate. 

Because  of  the  binning  of  the  power  spectra,  the  number  of 
frames  in  each  bin  is  less  than  the  total,  thus  decreasing  the 
apparent  signal-to-noise  ratio  (SNR|  for  each  of  the  binned 
power  spectra  compared  to  the  usual  ensemble  summed 
power  spectrum,  especially  at  the  tail  ends  of  the  distribution 
of  r,.  The  number  of  speckles  in  a  speckle  cloud  depends 
upon  the  ratio  (D/r„)2.  For  good  seeing  (large  r„)  there  are 
fewer  speckles  with  more  power  per  speckle  than  for  poorer 
seeing.  Thus  the  SNR  per  specklegram  is  greater  for  the  bet¬ 
ter  seeing.  The  curves  of  the  STF  in  Fig.  1  support  this:  the 
higher  frequencies  carry  relatively  greater  power  for  larger 
r„.  Flowever,  in  the  data  set  there  are  only  a  few  speckle- 
grams  with  the  very  best  seeing  Thus  the  data  from  the  two 
tails  of  the  seeing  distribution  should  not  he  weighted  equal¬ 
ly  in  combining  the  bin-calibrated  power-spectrum  estima¬ 
tors.  Of  course,  the  SNR  of  the  final  power  spectrum  is  deter¬ 


mined  by  the  number  of  specklegrams  in  each  of  the 
corresponding  bins  for  the  object  and  the  point  source.  In 
practice,  each  of  the  bins  yields  an  independent  reduction  for 
the  object  power  spectrum  and  the  final  power  spectrum  will 
be  a  weighted  average  with  the  weighting  proportional  to  the 
number  of  observations  in  each  bin  and  proportional  to  / 
corresponding  to  the  bin.  The  first  weight  is  suggested  by 
Poisson  statistics  (assuming  the  same  number  of  photons  in 
each  observation)  and  the  second  by  the  seeing  model. 

VI  CONCLUSIONS 

We  have  presented  models  and  data  to  show  the  impor¬ 
tance  of  a  detailed  seeing  calibration  of  speckle  data  sets 
reduced  by  the  standard  SI  power-spectrum  analysis.  Both 
the  models  and  the  data  show  the  same  effect:  that  for  the 
case  of  poor  or  no  calibration  the  resultant  object  power 
spectrum  will  be  contaminated  in  different,  and  unpredicta- 
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Fig  5.  Measured  quouenls  of  the  speckle  trans¬ 
fer  function  for  Gamma  Ononis  at  650  run 
Note  that  the  SNR  is  given  by  splitting  bin  1 
into  two  parts  and  taking  the  quotient  Because 
the  SNR  is  fairly  small  (~8),  eapecially  at  the 
highest  frequencies,  the  quotients  overlap,  mak¬ 
ing  n  difficult  to  distinguish  them  from  each 
other  The  bold  line  is  the  ratio  of  the  two  halves 
of  the  r  =  19  cm  data  set 
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ble,  ways  at  the  low  frequencies  jO  </</„ )  and  at  the  highest 
frequencies  (/</. ).  We  suggest  that  for  all  such  analyses  the 
possible  differences  in  seeing  between  the  object  and  the 
point  source  must  be  taken  into  account.  In  this,  we  support 
the  conclusions  of  Mariotti  etal.  (1983),  who  considered  sim¬ 
ilar  problems  for  infrared  speckle  data. 

It  is  reassuring,  however,  for  the  work  reported  in  Drum¬ 
mond  et  at.  ( 1985a,b)  and  Cheng  et  al.  ( 1985)  that  this  same 
model  analysis  predicts  that  the  shape  of  such  a  power-spec¬ 
trum  estimate,  if  not  its  frequency-independent  bias,  is  large¬ 
ly  unaffected  by  these  seeing  effects.  In  these  reductions,  the 
parametrization  of  the  physical  model  was  accomplished  by 
fits  to  the  intermediate  spatial-frequency  range,  avoiding  the 
seeing-dominated  region,  of  the  power-spectrum  estimates. 
In  both  of  these  studies  the  physical  models  produced  a  mea¬ 
surable  amount  of  unresol vable  power.  For  Drummond’s 
asteroid  work  this  could  be  interpreted  as  being  due  to  unre- 
solvable  surface  structure,  and  for  Cheng's  analysis  the  bin¬ 
ning  evidence  also  indicates  that  the  unresolved  power  was 
real.  The  r,  =  39  cm  curve  in  Fig.  5,  having  a  mean  value  of 
~  1,  implies  that  the  Poisson  noise  bias  (Hege  et  al.  1982a)  is 
consistent  up  to  0.9  fc  and  therefore  does  not  lead  to  an  extra 
bias  in  the  object  power  spectrum. 

Our  new  (albeit  more  computationally  intensive  than 
ever!)  SI  reduction  procedures  sort  the  data  sets  of  both  the 
object  and  point  source  into  seeing  bins  to  obtain  a  set  of 
seeing-weighted,  deconvolved  power  spectra.  In  order  to  do 
this  sorting  we  have  developed  a  technique  to  obtain  an  expe¬ 
dient  estimate  of  the  instantaneous  value  of  the  atmospheric 
coherence  length  ra  from  the  second-order  moment  of  the 
speckle  cloud.  We  have  also  implemented  editing  schemes  to 
ignore  bad  specklegrams  which  can  also  contaminate  the 
final  results  and  to  correct  for  detector  systematics  which 
can  distort  them.  The  importance  of  this  refined  analysis  is 


apparent,  especially  when  considering  subsequent  process¬ 
ing,  including  various  schemes  of  image  reconstruction  that 
use  the  Fourier  modulus  such  as  Fienup  (1978),  Knox- 
Thompson  (1974),  and  Phase-Unwrapping  (Cocke  1979),  or 
which  invoke  model-fitting  procedures  to  constrain  physical 
image  parameters. 

There  is  a  need  for  chopping  between  the  point-source 
calibrators  and  the  resolved  object  in  order  to  minimize  the 
seeing  differences.  Binning  of  the  data  sets  for  seeing  calibra¬ 
tion  is  still  required  because  the  variations  in  r,  can  be 
greater  than  the  integration  time.  We  believe  that,  even  with 
improved  observing  and  data-acquisition  protocol,  the  accu¬ 
racy  of  power-spectra  analysis  is  significantly  improved  by 
careful  processing  of  the  data  to  take  into  account  the  seeing 
variations  and  bad  specklegrams  within  the  data  set  and 
worth  the  additional  computation  overhead. 
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Abstract 

We  have  used  a  recently  developed  high-spatial  resolution  imaging  tech¬ 
nique,  known  as  Weighted  Shift-and-add,  to  obtain  diffraction- limited  images 
of  the  red  supergiant  a  Orionis  at  the  resolution  of  the  KPNO  Mayall  4  m  tele¬ 
scope.  Images  were  obtained  at  six  different  bandpasses  and  the  measured  disk 
diameters  agree  to  within  a  few  %  of  the  values  obtained  from  the  previously 
published  power  spectrum  and  autocorrelation  analysis  of  the  same  data  set. 
From  the  major  and  minor  axes  of  models  fit  to  the  intensity  profiles,  we  obtain 
asymmetry  measures  of  both  the  disk  and  envelope  components  of  4(±2)%  and 
37(±13)<:c  respectively.  In  addition  we  have  searched  for  the  proposed  nearby 
companion  but  our  data  shows  no  direct  evidence  of  it  suggesting  an  upper 
Limit  to  i he  magnitude  difference  of  4  5. 

Subject  headings:  interferometry  -  stars:  diameters  stars:  individual  - 
stars:  supergiants 
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1  Introduction 


The  M2  lab  supergiant  a  Orionis  has  been  one  of  the  most  frequently  studied 
stars  in  high-spatial  resolution  astronomy.  Since  the  first  experiments  by  Michel- 
son  and  Pease  (1920)  many  measurements  of  its  diameter  have  been  made.  These 
results  have  been  comprehensively  summarized  by  White  (1980)  and  Cheng  et  al. 
(1986).  They  show  a  surprisingly  large  scatter  and  suggest  a  far  from  straight¬ 
forward  wavelength  dependence.  White  (1980)  suggested  that  the  star  has  a  blue 
halo,  transparent  at  long  wavelengths,  to  explain  the  observed  diameter  variations. 
A  possible  vaxiance  of  the  diameter  with  time  has  also  been  tentatively  proposed. 
Conversely  Cheng  et  al.  (1986)  conclude  that  their  results,  obtained  at  the  Mayall 
4  m.  can  be  made  consistent  with  a  single  photospheric  diameter  if  limb  darken¬ 
ing  is  taken  into  account  for  all  wavelengths.  Their  results  also  suggest  evidence 
for  a  faint  circumstellar  envelope  possibly  extending  to  about  5 R,,  although  seeing 
calibration  difficulties  made  this  inconclusive.  More  recently  Roddier  et  al.  (1986) 
have  concluded  that  the  star  is  surrounded  by  a  dust  envelope  which  shows  evidence 
for  time  evolution.  Hebden  et  al  (1987)  give  conclusive  evidence  for  the  emission 
envelope  extending  to  at  least  4.5  R.  in  Ha. 

In  this  paper  we  present  a  series  of  diffraction-limited  images  of  a  Orionis  ob¬ 
tained  at  the  KPNO  Mayall  4  m  telescope.  The  images  were  produced  using  the 
weighted  shift-and-add  algorithm  (WSA)  recently  developed  at  Steward  Observa¬ 
tory  'Christou  et  al.  1986a,  1986b).  Both  broad  band  (20  -  100  A,  line  blanketed 
continuum)  and  narrow  band  (2.8  A,  spanning  chromospheric  emission  lines)  data 
were  analyzed.  Using  this  same  data  Cheng  et  al.  (1986)  estimated  a  stellar  diame¬ 
ter  of  42.1  ±1.1  milli-arcseconds  (mas)  and  a  preliminary  image  at  A6500,  using  the 
Knox-Thompson  imaging  technique  was  published  by  Hege  et  al.  (1982).  However, 
in  both  analyses,  seeing  calibration  was  made  using  observations  of  a  point  source, 
7  Orionis,  and  as  they  freely  admit,  errors  in  such  calibrations  may  not  be  negli¬ 
gible  although  great  care  was  taken  to  reduce  data  sets  of  similar  seeing  statistics. 
By  comparison  the  WSA  algorithm  is  essentially  self-calibrating  for  seeing  and  the 
corresponding  point  source  measurements  have  been  used  to  verify  the  technique  as 
well  as  give  a  measure  of  the  telescope/detector  point  spread  function.  The  primary 
aim  of  the  work  presented  in  this  paper  has  been  to  determine,  as  unambiguously 
as  possible,  the  photospheric  diameter  of  a  Orionis  and  to  investigate  any  possible 
correlation  among  the  size,  limb-darkening  of  the  stellar  disk  and  the  observational 
wavelength.  This  has  been  investigated  from  the  reconstructed  images  and  not 
from  power  spectrum  or  autocorrelation  visibilities.  Furthermore,  estimates  have 
been  made  of  the  luminosity  ratio  between  the  disk  and  the  envelope  by  using  a 
two-component  Gaussian  model  for  each  image.  The  envelope  appears  to  be  clearly 
associated  with  the  supergiant  star  and  not  to  be  a  seeing  calibration  difficulty  as 
the  WSA  images  of  7  Orionis  do  not  show  such  an  effect.  Finally,  we  have  derived 
from  our  data  a  lower  limit  for  the  magnitude  difference  between  the  supergiant 
and  the  nearby  companion  recently  proposed  by  Karovska  et  al.  (1986). 
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2  Imaging  Technique 

The  WSA  image  reconstruction  technique  (Christou  et  al.  1986a,  1986b)  is  a  variant 
of  the  shift-and-add  algorithm  initially  developed  by  Lynds  et  al.  (1976).  It  utilizes 
a  weighted  distribution  of  speckle  positions  to  deconvolve  an  average  speckle  from  a 
typical  speckle  cloud  by  means  of  a  weighted  deconvolution  procedure.  It  has  been 
shown  to  produce  seeing  self-calibrated  point  spread  functions  (PSF’s)  for  both 
single  and  multiple  aperture  systems  with  point  source  data.  Furthermore  these 
PSF’s  agree,  to  within  a  few  percent,  with  the  theoretical  Airy  patterns  at  different 
wavelengths.  The  limiting  signal-to-noise  (SNR)  of  the  technique  suggests  that  the 
current  detection  system  is  capable  of  a  dynamic  range  of  ~  6  magnitudes,  with  no 
evidence  for  residual  seeing  effects  for  a  point  source.  The  technique  appears  to  be 
limited  by  the  accuracy  of  the  detection  of  the  loci  and  amplitudes  of  the  speckle 
maxima  (see  Christou  et  al.  1987).  .These  are  used  to  generate  the  deconvolution 
key,  therefore  limiting  it  to  bright  object  data,  for  which  atmospheric  noise  and 
not  photon  noise  is  the  dominant  image  characteristic.  It  is  also  limited  in  its 
application  to  either  point  sources  or  objects  which  are  barely  resolved  although 
recent  improvements  using  an  iterative  matched  filter  analysis  (Ribak  1986)  suggest 
that  it  can  be  applied  both  to  extended  objects  and  in  the  photon  noise  dominated 
domain. 

Because  a  Orionis  has  a  small  angular  size,  diameter  ~  42  mas,  it  is  only  barely 
resolvable  at  the  resolution  of  a  3.8  m  aperture  especially  at  the  longer  wavelengths. 
For  example  at  5000  A  the  telescope’s  theoretical  resolution  is  ~  27  mas  and  at  8500 A 
is  ~  46  mas.  Thus,  we  can  use  the  WSA  technique  as  the  speckles  of  this  bright 
object  will  be  barely  larger  than  point  source  speckles  allowing  the  speckle  maxima 
to  be  easily  located  and  measured. 

3  Data  Reduction 

Both  q  Orionis  and  its  point  source  calibrator,  7  Orionis,  were  observed  with  the 
KPNO  4  m  Mayall  telescope  (pupil  masked  to  3.8  m)  on  1981  February  2  and  3, 
using  the  Steward  Observatory  intensified  video  speckle  camera  (Hege  et  al.  1982). 
The  seeing  was  exceptionally  good,  ~  0.  5  on  the  first  night  and  <  1  on  the  second 
night.  The  objects  were  both  observed  at  bandpasses  of  5200/100  A,  5500/100  A, 
6500/20  A,  6563/3  A,  8500/100  A  and  8542/3  A.  Data  obtained  at  bandpasses  of 
3700/100  A  and  4100/  100  A  were  not  used  because  they  did  not  meet  the  photon 
noise  criterion  discussed  above,  and  it  was  beyond  the  scope  of  this  work  to  fully 
implement  Ribak ’s  (1986)  matched  filtered  methodology. 

The  specklegrams  were  recorded  with  15  ms  exposures  at  a  rate  of  7.5  Hz  onto 
videotape  and  were  subsequently  digitized  8  bits  deep,  using  a  Grinnell  digital 
television  system,  into  128  x  128  pixel  arrays  yielding  a  detector  image  scale  of 
7.22  milli-arcseconds  (mas)  per  pixel.  This  pixel  scale  was  determined  by  use  of  a 
calibration  mask  and  confirmed  by  the  well  determined  parameters  of  the  orbit  of 


a  Aurigae.  The  spatial  distortion  due  to  the  pincushion  of  the  image  intensifier  was 
uncorrected  because  no  geometric  calibration  grid  was  available.  However,  we  have 
found  that  the  distortion  over  a  few  pixels  is  minimal  compared  to  the  field  and  as 
the  WSA  technique  relies  on  the  accurate  centroiding  of  the  speckles,  their  relative 
locations  are  not  as  important.  The  spatial  distortion  over  the  size  of  the  individual 
speckles  is  considered  to  be  negligible  as  they  are  only  a  few  pixels  in  size. 

We  did  find  it  necessary,  however,  to  remove  the  signal-dependent  pedestal  on 
each  video  frame.  This  pedestal  is  due  to  the  automatic  gain  control  of  the  video 
cassette  recorder  and  has  the  effect  of  introducing  a  sloping  black-level  to  the  speck- 
legram  (see  Christou  1985).  We  also  edited  the  data  to  remove  specklegrams  which 
contained  either  saturated  speckles  or  which  contained  only  part  of  a  speckle  cloud. 
The  WSA  technique  was  then  applied  to  all  twelve  data  sets.  We  have  found  that 
a  weighted  ensemble  deconvolution  procedure  yields  significantly  better  results  (in 
terms  of  SNR)  than  one  which  deconvolves  each  individual  specklegram.  Thus  we 
accumulate  the  average  cross-spectrum  of  the  specklegram  with  the  impulse  distri¬ 
bution  and  the  average  power  spectrum  of  the  impulse  distribution.  Inverse  Fourier 
transforming  the  quotient  of  these  yields  the  resultant  image.  This  process  is  de¬ 
scribed  in  more  detail  by  Christou  et  al.  (1986b). 

The  next  stage  of  the  reduction  consists  of  ‘despiking’  each  of  the  resultant  im¬ 
ages.  Because  the  measured  speckle  distribution  is  obtained  from  the  local  maxima 
in  the  individual  specklegrams,  the  cross-spectrum  between  the  specklegram  and 
this  impulse  distribution  will  contain  a  photon  noise  bias  term  due  to  the  corre¬ 
lation  of  Poisson  noise.  This  bias  is,  in  turn,  multiplied  by  the  detector  transfer 
function  and  both  are  removed  by  fitting  a  Gaussian  to  the  signal  beyond  the  tele¬ 
scope  cut-off  limit,  fc  =  D/\,  of  the  Fourier  modulus  (Hege  et  at.  1982;  Christou 
et  al.  1986b).  An  error  in  the  fitting  of  the  detector  bias  transforms  to  either  an 
overestimate  or  underestimate  in  the  image  at  the  center  two  pixels. 

Although  the  WSA  reconstructed  image  is  insensitive  to  seeing  changes  and 
also  self-calibrating  for  seeing,  it  carries  artifacts  due  to  the  detector,  e.g.  nonlinear 
effects  of  the  video  system,  as  well  as  non-uniformity  of  the  combined  optical  PSF. 
These  problems  have  been  discussed  in  a  previous  paper  (Hebden  et  al.  1986).  In 
order  to  produce  images  free  of  these  effects  we  have  used  a  technique  w’hich  has 
been  successfully  applied  in  the  past  to  radio  interferometric  images.  This  is  the 
CLEAN  algorithm  developed  by  Hogbom  (1974)  which  uses  the  point  source  image 
as  a  deconvolution  key  for  the  object  image.  In  the  CLEAN  notation  the  point 
source  image  is  referred  to  as  the  “dirty  beam”  and  the  object  image  as  the  “dirty 
map”.  CLEAN  is  an  iterative  process  which  locates  the  global  maxima  in  the  dirty 
map  and  subtracts,  at  these  locations,  the  dirty  beam  whose  peak  intensity  is  set 
at  a  percentage  of  the  maximum  of  the  dirty  map.  This  process  is  then  repeated  on 
the  residual  so  that  a  set  of  impulses  (6  functions)  of  varying  intensities  is  built  up. 
Thus  the  dirty  map  may  be  considered  to  be  the  weighted  sum  of  dirty  beams  at 
the  location  of  these  impulses  plus  the  final  residual.  Typically  the  intensity  in  the 
final  residual  is  equal  to  the  expected  noise  level.  A  “clean  map”  is  then  obtained  by 
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convolving  the  array  of  impulses  with  a  “clean  beam”,  commonly  obtained  by  fitting 
a  Gaussian  to  the  central  component  of  the  dirty  beam.  Therefore,  the  clean  map 
is  restored  to  the  same  res'>!ution  as  the  dirty  map  but  with  systematics  removed. 

We  applied  the  CLEAN  algorithm  to  all  six  pairs  of  data  in  order  to  minimize 
the  problem  of  interpreting  a  system  artifact  as  a  physical  property  of  the  star.  The 
effectiveness  of  this  technique  on  visible  high  spatial  resolution  data  has  been  shown 
by  Hebden  et  al.  (1986). 

4  Results 

4.1  7  Orionis 

Azimuthaliy  averaged  radial  profiles  of  the  7  Orionis  reconstructed  images  (dirty 
beams)  at  all  six  bandpasses  are  shown  in  Figure  1  compared  to  the  corresponding 
theoretical  profiles  (Airy  patterns).  As  can  be  seen  the  FWHM  in  all  cases  matches 
the  computed  Airy  pattern.  The  A6b00  and  A8500  results  show  the  best  agreement 
with  the  model  Airy  patterns  and  the  first  minimum  is  clearly  seen.  The  differences 
between  the  observed  point  spread  functions  and  the  models  (easily  distinguished 
because  they  show  the  minimum)  can  be  due  to  a  number  of  factors.  Firstly,  we 
have  found  that  a  slight  defocussing  of  the  system  can  fill  in  the  minimum  thereby 
reducing  the  contrast  of  the  first  ring.  Secondly,  overcorrection  of  the  noise-bias 
will  affect  the  peak  amplitude  therefore  emphasizing  the  low  power  structure  and 
thirdly,  the  effective  wavelengths  of  the  filters  are  compromized,  especially  at  the 
longer  wavelengths,  because  of  the  roll-off  of  the  image  tube  response.  Taking  these 
into  account  we  see  the  data  match  the  models  to  within  a  few  percent  with  no 
evidence  for  significant  l>  1-2  %)  seeing  residuals. 

4.2  a  Orionis 

Figure  2  shows  the  azimuthaliy  averaged  radial  profiles  of  a  Orionis  (dirty  map) 
compared  to  those  of  7  Orionis  (dirty  beam)  at  the  corresponding  bandpasses.  In 
all  six  cases  it  can  be  seen  that  the  former  is  easily  resolved  (beam  size  ~  28  mas  at 
A5200)  although  at  the  longer  wavelengths  the  degree  of  resolution  is  less  showing 
the  first  Airy  ring  in  the  resolved  object  image  (beam  size  ~  46  mas  at  A8500).  The 
beam  size  at  these  wavelengths  corresponds  to  measured  values  of  the  size  of  the 
unresolved  stellar  disk. 

The  dirty  maps  were  CLEAN’ed  as  discussed  in  the  previous  section  by  using  the 
corresponding  7  Orionis  images  as  the  dirty  beams.  We  applied  a  two  dimensional 
Gaussian  least  squares  fit  to  the  central  lobes  of  the  dirty  beams  to  obtain  the 
clean  beams.  The  effect  of  the  CLEANing  is  easily  seen  in  Figure  3  which  shows 
the  reconstructed  A6500  a  Orionis  image  (dirty  map),  the  corresponding  clean  map 
and  dirty  beam.  A  lumpy  first  Airy  ring  is  seen  in  both  the  dirty  beam  and  the  dirty 
map.  However,  the  clean  map  shows  no  evidence  of  this  structure  illustrating  the 
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Table  1:  Radius  estimates  of  a  Orionis  by  Gaussian  deconvolution.  The  standard 
errors  were  ~  1%. 


Bandpass  (A) 

Radius  cr.(mas) 

5200/100 

20.5 

5500/100 

19.6 

6500/20 

19.4 

6563/3 

21.0 

8500/100 

18.4 

8542/3 

19.8 

Mean 

19.8  ±  0.7 

successful  application  of  the  deconvolution  procedure.  Similar  results  were  obtained 
for  the  other  bandpasses. 

4.2.1  One-Dimensional  Analysis 

Initial  estimates  of  the  size  of  the  star  were  made  by  fitting  a  pair  of  two-dimensional 
Gaussians  to  the  CLEANed  images.  We  used  a  non-linear  least  squares  analysis 
with  one  Gaussian  representing  the  disk  component  and  the  other  the  extended 
envelope  structure  surrounding  the  disk.  We  computed  the  mean  width  <r ,  of  the 
disk  Gaussian  and  compared  it  to  that  of  the  CLEAN  beam  at  each  bandpass  to 
obtain  the  results  in  Table  1.  Here  we  have  assumed  that  the  stellar  disk  can  be 
represented  by  a  Gaussian  of  width  c r,  which  is  computed  by  the  relation  = 
<r*0rt  —  ^ori'  where  the  latter  are  the  widths  of  the  Gaussian  fit  to  the  disk 
component  of  the  clean  map  and  clean  beam  respectively.  A  mean  value  of  <7.  for 
the  six  bandpasses  was  found  to  be  19.8  ±  0.7  mas  which  compares  well  with  the 
value  of  21.1  ±  1.1  obtained  by  Cheng  et  al.  (1986).  In  order  to  investigate  this 
correlation  further  we  compared  the  azimuthally  averaged  radial  profiles  of  disk 
Gaussians  with  a  21  mas  limb  darkened  model  convolved  with  the  corresponding 
clean  beams.  Figure  4  shows  the  Gaussian  fit  (solid  line)  compared  to  the  models 
(dashed  lines)  for  no  limb  darkening  and  total  limb  darkening. 

Investigation  of  these  profiles  shows  that,  at  the  higher  resolutions  (shorter  wave¬ 
lengths),  there  are  significant,  consistent  departures  from  the  Gaussian  models  for 
radii  where  the  profile  is  less  than  50%  of  the  peak.  For  the  bandpasses  A5200,  A5500 
and  A6500  the  amount  of  excess  power  diminishes  as  the  resolution  decreases.  At 
A8500,  where  the  stellar  diameter  is  less  than  the  beam  size,  this  excess  power  has 
disappeared  entirely  and  the  profile  agrees  well  with  the  model  Gaussian.  For  the 
two  narrow  bandpass  observations,  A6563  and  A8542,  there  appears  to  be  evidence 
for  even  more  extended  structure.  Note  that  in  the  continuum,  A6500,  the  inner 
region  of  the  disk  compares  well  to  a  21  mas  radius  uniform  disk.  However,  the  Ha 
profile  is  larger  than  the  model  at  all  radii  showing  that  a  Orionis  is  larger  in  the 
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Table  2:  Ratio  of  t lie  flux  ami  amplitude  of  the  envelope  .  disk  for  all  six  bandpasses. 


Bandpass  (A) 

Flux  Ratio 

Amplitude  Ratio 

5200, 100 

0.9 

1.7  % 

5500/100 

2.0 

3.0  % 

6500/20 

0.4 

2.6  % 

6563/3 

0.4 

6.6  % 

8500/100 

0.9 

4.3  % 

8542/3 

C  2 

6.5  % 

chromospheric  line  than  in  the  continuum.  This  measurement  compares  well  with 
the  recent  results  of  Hebd.en  1 1  al.  ^  1 987 )  who  have  used  differential  speckle  interfer¬ 
ometry  to  map  the  stellar  disk  in  Ha  and  have  found  it  to  be  significantly  larger  than 
in  the  nearby  continuum.  The  A8542  profile  shows  extended  structure  at  the  larger 
radii  (cf.  the  A8500  profile  I,  the  central  part  of  the  disk  being  unresolved.  Thus,  in 
the  two  chromospheric  lines  the  stellar  disk  is  larger  suggesting  the  presence  of  an 
extended  atmosphere  compared  to  the  nearest  continuum  wavelengths. 

4.2.2  Images 

Figure  5  shows  the  reconstructed  clean  maps  at  all  six  bandpasses.  As  expected 
from  the  profiles  in  Figure  2,  there  is  evidence  for  extended  structure  to  radii  >  2 R. 
in  the  continuum  images.  The  SNR  of  the  dirty  beams  would  imply  that  this 
structure  is  real,  at  least  to  -  1/1  of  the  peak.  In  order  to  quantify  this  extended 
structure  we  used  the  two-component,  two-dimensional  Gaussian  to  represent  the 
disk  and  the  “envelope"  Table  2  gives  the  flux  and  amplitude  ratios  of  envelope 
Gaussian  to  the  disk  Gaussian.  The  three  images  at  A5200,  A5500  and  A8500  show 
the  strongest  extended  structure.  Because  of  the  decreased  resolution,  we  expect 
the  ratio  of  the  disk  to  envelope  area  to  increase  as  the  wavelength  increases.  In 
general,  this  is  what  we  observe.  However,  both  the  A5500  and  A8500  images  show- 
greater  power  in  the  envelope  than  the  nearby  bandpasses.  It  may  be  possible,  in 
spite  of  the  results  for  7  Orionis,  that  the  observed  extended  structures  in  all  the 
images  are  seeing  residuals  due  to  incorrect  determination  of  the  speckle  maxima. 
But  the  7  Orionis  profile*;  illustrate  the  success  of  the  WSA  technique  to  produce 
level  zero-mean  backgrounds.  Thus  we  believe  that  extended  low  power  structure 
in  the  a  Orionis  images  is  real.  Investigation  of  the  images  shows  structure  to  this 
envelope  extending  out  to  --  4  R.,  a  distance  commensurate  with  the  Ha  envelope 
observed  by  Hebden  rt  <;/  (1987). 


4.2.3  Discussion  of  image  structure 

Our  reconstructed  images  of  o  Orionis  show  that  the  star  has  a  complicated  struc¬ 
ture.  Cool  stars  with  extended  atmospheres  are  likely  to  have  photospheres  whose 
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diameters  are  dependent  on  wavelength  because  of  variations  in  the  opacity  of  the 
surrounding  medium.  Ridgway  et  al.  (1980)  predict  a  3%  difference  in  the  appar¬ 
ent  diameter  of  K  and  M  giants  at  visible  and  near  infrared  wavelengths  (smaller 
in  the  near  infrared),  and  suggest  that  t his  variation  could  be  significantly  larger 
lor  supergiants.  From  Table  1  it  can  be  seen  that  the  apparent  size  of  the  disk 
decreases  towards  longer  wavelengths  for  the  continuum  measurements.  At  A8500 
the  disk  diameter  is  —  6%  smaller  than  that  of  at  A5500  thus  qualitatively  agreeing 
with  Ridgeway  et  al.  (1987).  A  linear  regression  analysis  to  these  observed  angular 
diameters  yielded  a  linear  coefficient  of  ~  -6(±  1)  xl0~3  mas(nm)'1  agreeing  well 
with  a  similar  fit  to  autocorrelation  diameters  in  Cheng  et  ai.  (1986).  Welter  and 
Worden  (1980)  also  noted  a  smaller  red  diameter  although  not  specifically  at  the 
same  bandpasses  used  for  this  work. 

The  two  component  Gaussian  modelling  of  our  CLEANed  reconstructed  images, 
summarized  in  Tables  1  and  2,  also  yields  asymmetry  measures  for  both  the  disk 
and  the  envelope  components.  The  disk  component,  with  19.8(±0.7)  mas  average 
radius,  shows  a  4( ±2) '<  major  axis  elongation  at  an  angle  of  1931  ±20)°.  The  weaker 
envelope  component,  with  correspondingly  larger  uncertainty  in  the  fit,  shows  a 
37(±13)%  major  axis  elongation  at  95(il4)°  and  evidence  for  significant  flux  to 
~  130(g:70)  mas.  The  standard  error  in  the  fit  of  this  two  component  model, 
to  a  radius  of  0.  360  (50  pixels),  is  O-S^r  rms  of  the  peak  image  intensity.  The 
position  angle  of  the  elongated  disk  image  component  is  strikingly  consistent  with 
the  position  angle  of  the  image  extension  seen  at  ~  202°  (mod  180°)  by  Roddier 
and  Roddier  (1983)  only  2.5  months  earlier.  These  image  asymmetry  angles  are 
somewhat  different  from  those  reported  by  Goldberg  et  al  (1981)  and  Hege  et  al. 
(1984).  The  earlier  values.  208°  for  the  disk  and  —  165°  for  the  envelope,  w-ere 
based  on  a  single  Knox  Thompson  (see  Hege  et  al.  1982)  reconstruction  for  the 
A6500  data  and  are  consistent  with  the  ensemble  variance  for  the  six  bandpasses 
reported  here  Out  anahsG  of  the  disk  image  component  continues  to  be  consistent 
with  the  earlier  asseit:  >n.>  ::i  Goldberg  et  al.  (1981)  and  Hebden  et  al.  (1986)  in 
that  it  suggests  evidence  f»  :  possible  laige  scale  convection  effects  in  the  form  of  a 
“hot  spot”  on  t lie  stellai  surface  near  the  stellar  limb. 

Radial  velocity  measui cments  in  the  core  and  wings  of  the  Ha  line  of  a  Ori- 
onis  by  Weymaiin  (19*'2)  and  Gedbcrg  (1979)  suggest  that  the  star  possesses  a 
chromosphere  detached  from  the  photosphere.  The  recent  Ha  images  of  a  Orio- 
nis  by  Hebden  <=t  al  ■I'l'G.;  !,a>-  shown  that  the  extended  Ha  atmosphere  has 
a  remarkably  Gaussian  hk<  profile,  md  extends  out  to  a  radius  of  at  least  4.5 
R ..  This  extent  ago-e-  wrli  with  the  theoretical  model  chromosphere  developed 
by  Hartmann  and  Awett  iT.'s)!.  The  blue  shifted  core  of  the  line  suggests  that 
it  is  formed  m  an  expanding  1  ••gion,  although  Hartmann  and  Avrett  (1984)  con¬ 
clude  that  the  at  mo,,.;,. t'-  r-  piodi  uninantly  “quasi-static”,  whereby  only  a  fraction 
of  ejected  matter  is  ai  ■  G-  :  itc  l  to  escape  velocity.  The  presence  of  an  extended 
chromosphere  around  i  <b.  •ni-  has  also  been  confirmed  by  radio  observations. 
Altenhoff  et  al.  (197')  suggest  that  radiation  at  <  20  GHz  is  consistent  with  a 
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Figure  6:  Azimuthally  averaged  radial  profile  of  the  A6563  CLEANed  YYSA  image 
compared  to  the  clean  beam  (dashed  line)  and  the  Hartmann- Avrett  model. 

photosphere/chromosphere  transition  region  extending  to  ~~  2  -  3  R..  Similarly. 
Newell  and  Hjellming  (1982)  have  concluded  that  radio  emission  between  1-100 
GHz  is  due  to  a  warm  chromosphere-like  region  extending  from  1-4  R,. 

Figure  6  shows  the  azimuthally  averaged  radial  profile  of  the  clean  map  at  Ha 
compared  to  both  the  clean  beam  (dashed  line)  and  the  model  predicted  by  Hart¬ 
mann  and  Avrett  (1984).  Their  model  was  interpolated  for  the  2.8  Abandpass  used 
at  an  image  scale  of  7.22  mas(pixel)'1  and  assuming  a  disk  radius  of  21  mas.  The 
model  and  data  match  out  to  ~-  R,  but  at  greater  radii  we  measure  excess  inten¬ 
sity.  The  model  assumes  a  flux  of  Alfven  waves  sufficient  to  to  drive  an  outflow  of 
10~6  MQ(year)-1  and  used  electron  density  data  obtained  from  radio  measurements. 
Hebden  et  al.  (1987)  have  recently  compared  the  same  model,  suitably  modified  for 
a  1.2  A  effective  bandwidth,  with  profiles  obtained  from  DS1  images  obtained  at  the 
Multiple  Mirror  Telescope  (MMT).  They  also  show  that  the  model  does  not  predict 
sufficient  emission.  We  see  an  inflection  in  the  data  curve  corresponding  to  ~~  3  - 
4  R .  which  rnay  be  evidence  for  increased  outflow  of  material  at  an  earlier  epoch. 
Roddier  et  al.  (1986)  have  suggested  that  material  is  ejected  in  bursts  which  would 
then  agree  with  our  interpretation  and  therefore  would  signify  a  variability  in  mass 
outflow  (Goldberg  1984). 

Inspection  of  the  azimuthally  averaged  radial  profiles  of  the  CLEANed  images 
(Figure  4)  shows  that  the  Cheng  et  al.  (19*6)  model  of  a  limb  darkened  uniform 
disk  of  R .  =  21  mas  agrees  with  the  continuum  images.  V\e  are  unable  to  ac¬ 
curately  determine  the  degree  of  limb  darkening  because  of  insufficient  resolution. 
This  difficulty  of  jointly  estimating  the  radius  and  limb  darkening  from  speckle 
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interferometric  measurements  has  been  recently  discussed  by  Kuz’menkov  (1986). 
At  the  shorter  bandpasses,  i.t  .  greater  resolution,  the  profiles  show  an  extended 
atmosphere  at  2 R,  which  appears  to  be  optically  thick  within  the  chromospheric 
lines  (He  —  A6563  and  (.’all  ~  AS542),  increasing  the  apparent  size  of  the  stellar  disk. 
This  is  commensurate  with  an  extended  chromosphere  lying  in  the  range  of  1  -  4 
R, .  It  is  obvious  from  these  images  that  in  order  to  study  the  photospheric  and 
chromospheric  structure  of  this  and  other  stars,  much  greater  resolution  is  needed, 
i.e.  >  2  resolution  elements  across  the  disk!  Even  at  the  resolution  of  the  fully 
phased  MMT  (equivalent  to  a  6.8G  m  pupil)  there  are  only  <  3  resolution  elements 
across  the  disk  at  A5500.  and  therefore  even  less  at  longer  wavelengths.  The  Hub¬ 
ble  Space  Telescope,  by  comparison,  only  has  one  resolution  element  across  the  disk 
at  A5500.  Thus  with  our  existing  large  aperture  intruments,  the  investigation  of 
structure  on  stellar  surfaces  r-  still  severely  limited. 

Prior  observations  of  o  Orionis  have  produced  overwhelming  evidence  for  the 
existance  of  a  circumsteliar  envelope,  extending  out  to  several  stellar  radii.  Ricort 
et  al.  (19*1  )  interpret  their  re-ults.  observed  at  A5300 ,  1 60 .  as  being  consistent  with 
a  35  mas  disk  embedded  in  a  100  mas  diameter  envelope  whose  luminosity  is  a  few 
percent  of  the  disk.  In  addition,  Koddier  and  Roddier  (1985)  and  Roddier  et  al. 
(1986)  suggest  that  their  measurements  indicate  the  existance  of  dust  condensation 
close  to  the  stellar  disk  as  well  as  evidence  for  its  evolution.  Draine  (1981)  also 
supports  the  view  that  dust  condensation  as  close  as  1.8  R.  to  the  disk  is  possible. 
Furthermore,  the  presence  of  a  dust  shell  close  to  the  star  has  been  suggested 
as  the  primary  cause  of  the  discrepency  between  photometric  and  interferometric 
photospheric  diameter-  t'l  suji  1978;  White  19S0).  However,  infrared  measurements 
by  a  number  of  investigators  (McCarthy  et  al.  1977;  Sutton  et  al.  1984;  Bloemhof 
et  al.  1984)  show  that  iiho:  of  the  lfi  pm  emission  does  not  originate  close  to 
the  star.  Our  imac.es  show  the  presem e  of  an  extended  low  power  envelope  at  all 
continuum  waveleng 1  hs  <>ut  to  a  distance  of  --  4  R.  corresponding  to  the  previous 
measurement  >. 

4.3  Multiplicity  of  o  Orionis 

Recently,  Karovska  ft  a'  :  1986'  and  I‘ odd.'T  et  al  (1986)  have  postulated  the 
existance  of  two  companion,  to  a  Orionis.  The  first  is  at  an  angular  separation  of 
0.  4  -  0.  5  and  is  outsid;  of  >  u  field  of  view.  The  second,  however,  lies  at  a  distance 
of  ~  0.  06  ami  should  tin-  -  !  u>'  be  visible  in  our  data,  especially  as  its  magnitude 
difference  is  estimated  to  1  »•  3.4  at  \65C3  and  ~  3.0  at  A6568.  We  firstly  investi¬ 

gated  the  power  spe<  tra  "r  i  >■  >■  :x  d  o  sets  to  look  for  fringes.  None  were  found 
however.  This  is  not  t  .<>  ,-ui;  ,  g  as  tins  magnitude  difference  is  stretching  the 
dynamic  range  ia;>al  < > t  the  -ninpie  power  spectral  analysis.  We  then  looked  for 
evidence  of  tin.-  v  ,  ,,>  1  a  \  n>  the  WSA  images.  Based  on  remarks  by  Bates  (1984), 
our  WSA  method  n  expe<  ;•  b  p.  pro, (tie-  the  highest  signaJ-to-noise  results  possible 
as  it  is  a  first  order  mt-  ~.< 


.-•*  r  •  process.  Specifically,  WSA  is  not  subject  to  de- 
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panion  being  outside  our  detector  window.  Obviously,  ct  Orionis  is  an  extremely 
complicated  object  and  further  study  is  needed  to  resolve  some  of  the  important 
questions  concerning  the  nature  of  such  highly  evolved  objects.  The  development 
of  increased  performance,  spatial  distortion  free  detectors  and  new  image  recovery 
algorithms  on  large  apertures  (>  8  m)  should  go  a  long  way  to  improve  the  quality 
of  the  information  determined  by  interferometric  techniques.  Since  it  is  possible 
to  obtain  diffraction-limited  images,  the  question  of  interpreting  the  information 
they  carry  is  now  more  important.  Obviously,  better  SNR  images  would  make  this 
interpretation  easier  and  greater  resolution  would  solve  some  of  the  ambiguities. 
The  use  of  the  MMT  as  a  phased  array  (Hege  et  al.  1985;  Hebden  et  al.  1987)  has 
shown  that  significant  astrophysical  information  can  be  obtained  but  there  is  still  a 
long  way  to  go  if  we  wish  to  extend  these  techniques  to  fainter,  and  possibly  more 
interesting,  objects. 
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We  show  how  i!u-  technique  .  •!  .isirotn -mica!  speckle  hologrjpliv  is  depeiulen:  upon  the  ilcpice  < >1  iMiplanicilv  between  i!  i 
object  and  the  disviete  point  sourvc.  A  well  calibrated  measurement  of  the  device  of  a»i relation  between  two  qu;tsi*msi an:  i 
neons  simult  ineoii"  point  muit\c  speck k  patterns  (separation  -  2  h  ")  are  presented  to  illnstiate  this  non-iscplanatk  effect  a  .i 
function  a  the  >p*iial  frequem  \  This  iw. •-dimensional  measurement  is  in  qualitative  agreement  with  previoudv  computed 
models  and  shows  a  high  degree  ot  correlation  at  seeing  dominated  frequencies  with  a  seveie  attenuation  (hut  noi  total  loss  *| 
correlation)  for  frequencies  approaching  the  diffraction  limit.  We  show  how  such  measurements  mav  he  used  to  rewcieht 
(calihratei  the  Fourier  amplitude  ol  a  speckle  holographic  image  observes!  under  smulat  seeing  conditions  m  older  to 
compensate  for  the  non-isopl.m.itic  degradation  at  high  spatial  frequencies. 


1.  Introduction 

The  high  spatial  resolution  techniques  of  speckle 
holography  [1|  (SH)and  adaptive  optics  [2]  (AO) 
make  use  of  measurements  of  the  slum -exposure 
point  spread  function  (PSF)  of  the  atmosphere  to  re¬ 
cover  diffraction  limited  images.  The  sltoit-exposure 
PSF.  with  exposure  times  of  less  than  30  ms.  serves 
as  a  measure  of  the  w  jvefront  distortion  introduced 
by  the  random  turbulence  of  the  atmosphere.  In  AO 
the  wavefront  in  one  direction  ti  e.  the  resolved  ob¬ 
ject)  may  be  corrected  by  sensing  the  wavefront  in  a 
slightly  different  direction  (i.e.  a  point  source).  In 
SH  the  resolved  object  specklegram  is  deconvolved 
by  a  simultaneous!)  acquired  point  soiuce  speckle- 
gram  to  obtain  the  short-exposure  estimate  of  its  dif¬ 
fraction  limited  image  If  the  wavefront  distortion  is 
identical  for  both  objects  then  cither  of  the  above 
techniques  will  yield  a  perfect  dil fi action  limited 
image  in  the  absence  ofstatistic.il  and  systematic 
noise,  tlowevet .  the  assumption  that  the  I’SF  is  space 
invariant  (isoplanatie)  is  not  valid  lor  wide  field  imag¬ 
ing  (typically  >5”)  because  the  two  light  paths  pass 
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through  different  perturbations  in  the  atmosphere. 
Thus  there  is  likely  to  be  a  requirement  for  calibra¬ 
tion  of  the  SH  or  AO  images  to  compensate  for  non- 
isoplanatic  effects.  In  section  3  w  e  show  that  the  SH 
image  is  degraded  by  the  isoplanatie  parameter 

The  region  over  which  the  PSF  is  spatially  invariant 
is  described  as  the  isoplanatie  patch.  Determination  of 
the  size  of  this  region  (of  isoplanicity)  is  therefore  a 
useful  measure  of  the  spatial  limitations  of  both  At) 
and  SH.  This  problem  has  been  addressed  by  a  num¬ 
ber  of  theoretical  investigations  |3-8]  and  measure¬ 
ments  of  isoplanicity  have  been  reported  by  a  number 
of  investigators  [9  1 5  J  for  both  speckle  interferome¬ 
try  and  adaptive  optics  The  variously  defined  values 
obtained  range  Irom  ~!  ”  to  5"  or  even  larger  for  re 
gionsof  partial  isoplanicity  [12).  In  the  following 
section  it  is  shown  that  the  size  of  the  isoplanatie 
patch  is  dependent  upon  the  highest  spatial  frequen¬ 
cy  measured. 


2.  The  isoplanatie  parameter 

A  calibration  of  the  degree  of  isoplanicity  at  a 
given  separation  can  be  obtained  hy  comparing  the 
simultaneous  qxtcklegrams  of  the  unresolved  couipo- 
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nents  of  a  close  binary  star.  These  specklegrams  are  a 
measurement  of  the  combined  short-exposure  PSF’s 
of  the  atmosphere  and  the  telescope.  The  Fourier 
transform  of  the  PSF  (transfer  function)  is  given  by 
the  autocorrelation  of  the  aperture,  i.e. 

OP 

P(J)*  f  dr  U(r)  U*(r  +  A/)  W(r)  W(r  +  X/)  (1) 

where  r  defines  the  pupil  plane,/ the  spatial  frequen¬ 
cy  plane,  U(r)  the  complex  wavefront  and  W(r)  the 
pupil  transmittance  (i.e.  =  1  inside  the  pupil  and  0 
elsewhere).  A  comparison  of  the  two  PSF’s  is  best 
made  by  computing  the  ensemble  averaged  cross-spec¬ 
trum  between  them,  i.e. 

XS(/)=CPj  (/)/’$(/)>,  (2) 

where  P\(f)  and  P2(f)  are  the  Fourier  transforms  of 
the  combined  telescope-atmosphere  PSF’s  for  objects 
1  and  2,  *  denotes  complex  conjugate  and  < ... )  repre¬ 
sents  the  ensemble  average.  If  Px  (f)  =  P2(f)  then  (2) 
reduces  to  a  measurement  of  the  speckle  transfer 
function  (STF).  The  ratio  of  (2)  to  the  STF  therefore 
characterizes  the  effects  of  non-isoplanicity  as  a  func¬ 
tion  of  the  spatial  frequency/.  We  define  this  ratio  as 
the  spatial  frequency  dependent  isoplastic  parameter, 
T(f )  given  by 

T(f)  =  U>x{f)P*2(f))K\P{f)\h,  (3) 

where  <W)I2>  =  <l/>,(/)l2>  =  <\P2{f)\2)  assumes  that 
both  components  are  observed  with  similar  seeing  as 
indeed  they  should  be  for  simultaneous  measurements. 
Both  the  cross-spectrum  and  the  STF  are  normalized 
to  unity  at  the  dc  point  (/  =  0).  T(f)  describes  the  ef¬ 
fects  of  non-isoplanicity  on  the  fringe  modulation  of 
the  power  spectra  of  binary  stars  [9,10]  and  also 
represents  the  frequency  dependent  correlation  coeffi¬ 
cient  between  the  two  PSF’s  for  either  AO  or  SH. 
Roddier  [16]  defines  both  the  cross-spectrum  and 
power  spectrum  as 

U>x{f)P*2(f))*  fdf'Mi2(f,f')A(f,f'), 
and 

<I/10I2>=  (4) 

where  Af(/,/')  and  Mi2(f,f')  are  fourth  order  mo¬ 
ments  over  the  perturbed  complex  wavefronts.  These 
represent  the  atmospheric  contribution,  i.e. 


/,/') 

=  (U^U^r  +  \f)U*2(r  +  Xf')U2(r  +  X/  +  A/’)>, 


M(f,f')  =  {U{r)U*(r  +  +  \f')U(r  +  X/+  Xf')). 

(5) 

A(J,f)  is  a  telescope  dependent  term  consisting  of 
a  four  pupil  overlap  integral  which  allows  for  the  re¬ 
covery  of  the  high  spatial  frequencies  up  to  the  diffrac¬ 
tion  limit,  i.e. 

A(f,f)  =  [dr  W(r)W(r  +  Xf)W(r  +  \f')W(r  +  X/+  X/'). 

(6) 

Thus  the  isoplanatic  parameter,  T(J),  is  not  in 
general  independent  of  the  telescope  transfer  function 
because  of  the  integral  over  A(f.f).  If  the  complex 
wavefront  is  assumed  to  obey  gaussian  statistics  then 
the  telescope  transfer  function  drops  out  for  the 
highest  and  lowest  spatial  frequencies:  the  approxima¬ 
tions  to  the  STF  contain  multiplicative  terms  corre¬ 
sponding  to  the  telescope  MTF  and  its  modulus 
squared  (see  Roddier  [16] ). 

For  complete  isoplanicity,  i.e.  P,  (/)  =  P2(f) 

-  P(f),  the  isoplanatic  parameter  (3)  will  be  unity  for 
all  spatial  frequencies.  There  will  be  complete  non-iso¬ 
planicity  when  the  two  PSF’s  do  not  correlate  so  that 
T(f)  will  be  zero  at  all  spatial  frequencies  greater  than 
/>  0.  Partial  isoplanicity  is  therefore  defined  for  0 

<  T(f)  <  1  • 

Models  of  (3)  for  different  separation  angles,  d, 
have  shown  [10]  that  it  is  a  center  symmetric  but 
non  isotropic  function.  The  component  orthogonal  to 
the  separation  vector  has  greater  correlation  than  the 
parallel  component. 


3.  Astronomical  speckle  holography 

Speckle  holography  uses  a  discrete  unresolved  ob¬ 
ject  within  the  same  (partially  isoplanatic)  field  as  the 
object  of  interest.  For  example  two  important  astro- 
physical  systems  worthy  of  synoptic  imaging  studies 
at  the  resolution  of  the  multiple  mirror  telescope  are 
Alpha  Scorpii  and  Alpha  Herculis.  Both  of  these  have 
unresolved  companions  ~3  s  of  arc  from  a  resolved 
primary  making  them  good  astrophysical  candidates 
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for  SH  li  is  therefore  relevant  and  important  to  un¬ 
derstand  the  details  id  speckle  holographic  imaging. 

A  short  exposure  image  of  the  point  source  acts  as 
a  deconvolution  key  for  the  nearby  resolved  object. 
Weigelt  has  successfully  used  this  technique  to  ob¬ 
tain  the  correct  separation  and  orientation  of  close 
unresolved  binary  stars  and  star  cluster  systems  [17], 

Using  the  isoplanatic  imaging  equation,  the  short 
exposure  image  of  the  resolved  object.  r>(r),  can  be 
written  as 

i(r)  =  o(r)  *  p(r).  (7) 

where  *  denotes  convolution  and  p(r)  is  the  combined 
telescope-atmosphere  PSF.  for  an  unresolved  source 
the  short  exposure  image  is  the  PSF  so  that  a  simul¬ 
taneous  measurement  of  the  PSP  allows  for  the  ob¬ 
ject  recovery  by  inverting  (~! )  This  unresolved  source 
has  to  be  “nearby"  the  object  so  that  the  seeing  con¬ 
ditions  are  similar.  The  limit  of  the  separation  between 
the  point  source  and  object  for  which  SH  can  be  used 
depends  upon  how  well  the  non-isoplanatic  effects 
can  be  calibrated  for  by  the  frequency  dependent 
quantitative  measure  (3). 

A  weighted  deconvolution  tecluiique  is  required  to 
recover  the  object  distribution  in  eq.  (7)  because  of 
the  problems  associated  with  small  number  and  zero 
divides  in  each  of  the  complex  quotients  of  an  in¬ 
version  by  linear  deconvolution.  Experiments  with 
differential  speckle  interferometry  [18]  have  shown 
that  when  the  weighting  is  the  power  spectrum  of  the 
PSF,  then  the  deconvolution  reduces  to  a  single  com¬ 
plex  quotient  for  the  complete  data  set  w  (rich  is  in¬ 
trinsically  Wiener  filtered  by  the  time  average  of  the 
noise  biased  power  spectrum.  Denoting  the  Fourier 
transforms  of  the  terms  in  eq.  (7  )  by  uppercase  nota¬ 
tion  then  a  signal  averaged  estimate  of  the  object 
transform,  0(f) ,  obtained  by  linear  deconvolution  is 
expressed  as 


0'(f)=E/ri(f)IPn(f). 


where  the  subscript  defines  the  mb  specklegram  and 
the  sum  is  ovei  all  specklcgrams.  The  estimate  obtain¬ 
ed  using  a  power  spectrum  weighted  deconvolution 
gives 


ay)  =  E /„</)/#/)/ E  \pn(/)\2 .  tv ) 

n  1  n 

Eq.  (9)  represents  the  speckle  holographic  image  f  ' 
the  isoplanatic  case.  However,  as  the  discrete  poim 
source  is  generally  no  closer  to  the  object  than  a  few 
seconds  of  arc  ( — 3")  then  the  effects  of  rion-isoplani- 
city  have  to  be  considered.  Letting  the  PSF  for  the 
object  be  given  as  P\  (f)  and  for  the  reference  as 
Pj(f)  then  (9)  becomes 

OV)  =  0(fYPx{J)Pyj))K\P2(f)\2).  (10) 

If  the  seeing  is  the  same  then  the  speckle  transfer 
functions  will  be  identical  so  that  |/>1(/)i:’  =  ; P  ■>(])} 
For  the  case  of  complete  isoplamcity.  when  the  short 
exposure  transfer  functions  are  identical,  the  estimate 
of  the  object  transform  reduces  to  the  object.  How¬ 
ever  for  the  non-isoplanatic  case  ( 10)  the  object  esti¬ 
mate  transform  is  weighted  by  the  isoplanatic  param¬ 
eter  (3).  Therefore  in  order  to  fully  recover  the  dif¬ 
fraction  limited  object  it  is  necessary  to  multiply  its 
Fourier  transform  (10)  by  the  inverse  of  the  isoplan¬ 
atic  parameter  (3)  as  measured  for  the  same  separa¬ 
tion  under  similar  (if  not,  ideally,  identical)  seeing 
conditions. 

The  need  for  frequency  dependent  reweighting  of 
speckle  hologaphic  amplitudes  is  not  unlike  the  re¬ 
quirement  for  reweighting  the  simple  Labevrie  speckle 
image  amplitudes  as  we  have  discussed  previously 
[19],  In  this  case  we  need  a  nearby  simple  binary  star 
with  unresolved  components  instead  of  a  single  point 
source.  We  suspect  that  similar  binning  techniques 
[19]  to  accumulate  the  variable  statistics  due  to  vari¬ 
able  seeing  will  also  be  appropriate. 


4.  Measurements  of  T(f) 

To  investigate  the  non-isoplanatic  effects  as  discus¬ 
sed  above  we  observed  the  binary  star  Epsilon  [2] 
Lyrae  whose  separation  of  "'2.6"  compares  with 
those  of  the  two  components  of  Alpha  Scorpii  and 
Alpha  Herculis  The  data  was  taken  with  the  Steward 
Observatory  (SO)  2.3  ni  telescope  at  Kit  t  Peak  and 
the  SO  speckle  camera  [20]  at  a  wavelength  of  55C 
nm  for  two  different  bandpasses  of  10  nm  and  30  nm. 
A  5  ms  shutter  was  used.  The  data  were  recorded  on¬ 
to  3: 4  U-Matic  videotape  and  subsequently  digitized 
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Fig  1 .  A  digitized  regular  grid  showing  the  effects  of  the 
geometric  distortion.  The  removal  of  this  intensified  video  de¬ 
tector  distortion,  framc-by-framc,  is  a  necessary  step  in  an 
isoplanicity  calibration.  The  left  and  right  fields  (see  text)  are 
also  shown. 


into  specklegrams  of  256  by  128  pickets  with  an 
image  scale  of  20  ms  of  arc  (msa)/pixel  which  over¬ 
samples  the  50  msa  diffraction  limit.  The  orientation 
of  the  two,  nearly  equal  magnitude,  components  was 
almost  E-W  so  that  pixels  0- 1 27  (left  field)  along  the 
x  dimension  contained  the  W  component  and  pixels 
128-255  (right  field)  contained  the  E  component. 

The  first  stage  of  the  reduction  process  comprised 
of  data  editing  [19]  to  remove  the  saturated,  low- 
power  and  poorly  guided  specklegrams.  Those  speckle- 
grams  where  the  W  component  overlapped  the  right 
field  and  vice-versa  were  also  edited  out.  The  next 
stage  of  the  processing  consisted  of  removing  any  de¬ 
tector  non-isoplanicity.  Each  specklegram  was  re¬ 
mapped  to  remove  the  geometric  distortion  imposed 
by  the  electrostatic  image  tube  and,  to  a  lesser  degree, 
the  television  camera  (fig.  1).  This  was  done  by  means 
of  a  bilinear  interpolation  procedure  using  a  set  of 
regular  grid  points,  shown  in  fig.  1 ,  as  observed  with 
the  intensified  video  detector.  The  figure  also  illu¬ 
strates  the  256  X  128  pixel  digitization  window  . 

Estimates  of  the  mean  seeing  rQ  and  the  instan¬ 
taneous  seeing  rc  for  both  data  sets  were  computed 
from  the  width  of  the  speckle  clouds  [  lq] .  Fig.  2a 
shows  the  instantaneous  seeing  (binned  into  intervals 
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Fig.  2.  (a)  Measurements  of  the  instanianeous  seeing  for  .he 
LHS  component  of  the  550/30  nm  data  sel  (bt  Difference  in 
estimation  of  the  instantaneous  secine  for  the  550/30  nm  data 
set.  The  RMS  difference  is  0.33  cm  Results  for  550/10  nm 
were  similar. 


~1  s)  for  the  W  component  of  the  550/30  nm  data 
set.  The  difference  ofre  between  the  two  components 
is  shown  in  fig.  2b.  The  measurements  for  the  other 
data  set  were  very  similar.  The  mean  values  of  re. 

(and  therefore  r0),  agree  to  1%  for  the  two  compo¬ 
nents  of  each  data  set.  Thus,  the  assumption  of  simi¬ 
lar  STF’s  for  both  components  is  valid.  Furthermore, 
the  variation  of  the  instantaneous  seeing  is  identical 
for  each  component  indicating  the  expected  strong 
degree  of  isoplanicity  at  spatial  frequencies  corre¬ 
sponding  to  the  seeing  limit  f0  =  r0/\. 

The  ensemble  average  cross-spectrum  and  power 
spectra  for  each  component  were  computed  and 
corrected  for  the  statistical  Poisson  noise  bias  [20]. 
This  correction  also  removed  the  effects  of  the  de¬ 
tector  transfer  function.  The  measured  power  spec¬ 
trum  PSm(/)  can  be  written  as 

PSm(/)=  {K0{f)  +  N)D(f),  (11) 

where  PS^/-)  is  the  object  power  spectrum,  ./V  the 
frequency  independent  noise  bias  due  to  Poisson 
statistics  and  D(J)  the  detector  transfer  function. 

The  oversampling  of  the  diffraction  limit  allows  the 
factor  ND(f)  to  be  measured  beyond  the  cut-off 
frequency.  Experiments  [20]  have  shown  that  this 
can  be  fit  with  a  gaussian  to  interpolate  to  the  lower 
frequencies.  This  was  done  and  the  fit  was  divided 
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Fip  3  Averaged  radial  profile-'  of  I  he  power  spectra  (a)  and 
(b)  and  ihe  cross-spectrum  (tl  for  a  bandpass  ot  550  30  nm. 
The  550,  10  nm  were  quantitative^  similar. 

PSm  (/  ):ND(f )  -  PS 0(J  )/A’  +  1 .  (12) 

The  object  power  spectrum  w  as  then  recovered  by 
subtracting  unity,  the  factor  .V being  inconsequential 
because  of  later  normalization. 

Fig.  3  shows  azintuthally  averaged  radial  profiles 
of  the  final  power  spectra  and  cross  spectrum  for  the 
550/30  nm  data  set.  Similar  results  were  obtained  for 
the  other  data  set.  At  the  low  spatial  frequencies  cor¬ 
responding  to  the  seeing  limit  (/ <  fn)  the  cross-spec¬ 
trum  agrees  well  with  the  power  spectra  hut  at  higher 
frequencies  it  is  attenuated  in  a  similar  manner  to 
that  predicted  by  Ruddier  ei  al  |6|.  Generally  for 
/>  0.9  /  ,  w  here  fc  is  the  telescope  cut  off  frequency, 
the  accuracy  of  the  debiased  power  spectra  and  cross¬ 
spectrum  is  reduced  because  of  uncertainties  in  cali¬ 
brating  the  detector  transfer  functions. 

Figs.  4  and  5  show  profiles  through  the  isoplanatic 
parameter  Tif)  both  (a)  orthogonal  and  (b)  pamllel 
to  the  separation  vector  for  the  two  data  sets  3 here 
is  almost  complete  correlation  over  the  seeing  domi¬ 
nated  low  frequencies  (cf.  the  difference  in  the  in¬ 
stantaneous  seeing  show  n  in  fig..  2b).  For  higher  fre¬ 
quencies,  however,  the  correlation  falls  off  fanly  rapid 
ly  reaching  a  threshold  value  of  --i).  1  for  both  data 
sets.  There  is  a  greater  cortelation  for  the  orthogonal 
cuts  than  lot  the  parallel  culs  u.s  piedutrd  bv  eailier 
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Spatial  Fr*Qu«ncy  tt/^1 

I  ig.  4  Orthogonal  (a)  and  parallel  (bt  components  of  the  iso- 
planatic  parameter  for  550/30  nm. 


models  [10).  Although  poorer  signal  to  noise  (due  to 
fewer  photons),  the  narrower  bandpass  tends,  as  pre¬ 
dicted,  to  give  a  slightly  better  high  frequency  re¬ 
sponse.  especially  in  the  midrange  spatial  frequencies. 

The  isoplanatic  parameter  (3)  shows  the  variation 
of  isoplanicity  as  a  function  of  the  spatial  frequency. 
A  quantitative  cut-off  frequency  limited  measure  of 
isoplanicity  can  be  obtained  by  taking  the  two  dimen 
sional  integral  over/ of  T(f).  We  define  this  as  the 
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I  5.  Same  as  iij:  4  but  for  550/10  nm.  It  shows  enhanced 
midranpc  response  compared  to  55(*  30  nm. 
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degree  of  isoplanicity,  >(/c).  It  is  equivalent  to  the 
peak  amplitude  of  the  cross-correlation  as  used  by 
l.ohmann  and  Weigelt  [l>].  For  these  two  data  sets 
7 (/  =  20.3  cycles/second-of-arc)  was  found  to  be 
~1 37c  of  its  value  for  complete  isoplanicity  (T(f) 

=  1  V/). 

S.  Discussion 

The  isoplanatic  parameters  T(f )  for  the  two  data 
sets,  which  were  taken  under  similar  seeing  conditions 
(r0  =  12  cm  and  14  cm),  were  found  to  be  very  similar 
to  each  other.  Their  shape  is  qualitatively  similar  to 
previous  model  predictions  [10]  which  showed  that 
the  isoplanatic  parameter  would  have  significant  cor¬ 
relation  at  the  seeing  dominated  frequencies  and 
would  tend  to  level  off  to  a  constant  value  almost  to 
the  diffraction  limit.  Recent  measurements  by  Ebes- 
berger  and  Weigelt  [15]  also  show  similar  behavior. 
The  asymmetry  of  T(f).  as  shown  by  the  quotient  of 
the  parallel  to  orthogonal  components,  is  also  predict¬ 
ed  by  the  models. 

For  the  separation,  seeing  conditions,  and  telescope 
used  there  is  evidence  that  there  is  measurable  correla¬ 
tion  in  the  PSF’s  nearly  to  the  diffraction  limit.  Thus, 
for  SH  observations,  it  should  be  possible  to  correct 
the  Fourier  amplitude  of  the  final  image  to  compen¬ 
sate  for  the  high  frequency  attenuation  when  a  pair 
of  point  sources  of  similar  separation  are  observed  un- 


Fig  6  Frequency  dependence  ol  the  degree  of  isoplanicity, 
7,  for  the  bandpass  550/30  nm. 


der  nearly  the  same  seeing  conditions  with  the  same 
instrumentation. 

The  limitations  of  tins  amplitude  reweighting  need 
to  be  investigated  to  as  large  a  separation  as  possible 
in  order  to  study  the  spatial  frequency  limits  of  the 
SH  process  and  also  to  see  if  models  of  the  isoplanatic 
parameter  can  be  used  when  there  is  not  a  suitable 
measurement  for  the  calibration. 

We  emphasize  that  as  defined  the  degree  of  iso¬ 
planicity,  y(/c),  is  a  function  of  the  highest  spatial  fre¬ 
quency  measured.  Fig.  6  shows  the  normalized  inte¬ 
gral  over  the  isoplanatic  parameter  as  a  function  of/  , 
the  upper  limit  of  integration.  As  expected  y(fc)  is 
larger  at  lower  resolution  so  that  comparisons  of  the 
degree  of  isoplanicity  can  only  be  valid  for  measures 
at  the  same  resolution  (regardless  of  telescope  aper¬ 
ture).  The  almost  zero  high  frequency  slope  in  fig.  6 
predicts  a  significant  degree  of  isoplanicity  out  to 
much  higher  spatial  frequencies  further  emphasizing 
the  need  for  measurements  with  larger  apertures  such 
as  the  cophased  6.8  meter  MMT  as  well  as  over  a  range 
of  angular  separations  (<1 '). 

If  speckle  holography  is  to  be  used  to  obtain  accu¬ 
rate  diffraction  limited  images  then  a  thorough  study 
of  these  effects  of  non-isoplanatism  is  necessary.  Such 
a  study  should  investigate  the  variations  of  the  iso¬ 
planatic  parameter  W'ith  respect  to  the  spatial  and 
temporal  effects  of  seeing  (rQ  and  r0  respectively), 
separation  and  zenith  angle. 
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Images  From  Astronomical  Speckle  D^ta: 

Weighted  Sh : £ t -and -Add  Analysis 
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Steward  Observatory,  University  Of  Arizona,  Tucson,  Az  3S721 


Abstract 


We  have  applied  a  variant  of  the  Sh  i  f  t -a  nd  -  Add  algorithm  originally  developed  y 
Lynds,  Worden  &  Harvey  to  astronomical  speckle  interferometric  data.  A  set  of  impulses 
corresponding  in  location  and  magnitude  to  the  local  maxima  in  each  spec k 1  eg r a m  is 
generated  and  used  to  obtain  an  average  speckle  by  means  of  a  Wiener-type  filter 
deconvolution  procedure.  This  technique  yields  diffraction  limited  images  which  appear 
to  be  self  calibrating  for  seeing  effects.  Realistic  point  spread  functions  have  been 
obtained  for  a  number  of  telescopes  at  different  wavelengths  and  results  are  also 
presented  for  the  resolved  red  supergiant  Alpha  Orionis.  The  limiting  s 1 gna 1  - 1 o-no  i  se  of 
the  technique  as  indicated  by  the  results  presented  here  suggests  a  dynamic  range  of  '6 
stellar  magnitudes  with  no  evidence  of  residual  seeing  effects. 

Introduction 

The  Sh  i  £ t-and-Add  techniques  of  image  recons t rue t i on  were  first  suggested  by  Bates  s, 
Cady*  and  Lynds,  Worden  &  Harvey2.  These  techniques  make  use  of  the  observation  that  an 
individual  speckle  is  a  highly  distorted  version  of  the  diffraction  limited  image.  Thus 
the  average  over  the  speckles  yields  an  estimate  of  the  true  image.  For  the  Bates  4  Cady 
approach  (hereafter  refered  to  as  SAA)  the  brightest  pixel  in  a  specklcgram  is  located 
and  the  specklegram  is  shifted  to  place  this  pixel  at  the  frame  center  where  it  is  co¬ 
added  with  other  shifted  specklegrams  to  give  the  SAA  image.  This  result  consists  of  the 
estimate  of  the  diffraction  limited  image  superimposed  upon  a  seeing  dependent 
background  which  is  produced  from  the  co-adding  of  the  remainder  of  the  specklegrams. 
For  the  Lynds,  Worden  4  Harvey  analysis  (referred  to  as  LWH)  the  final  result  is 
obtained  by  using  the  brighter  speckles  (typically  '10%)  in  the  specklegram.  An  impulse- 
distribution  consisting  of  unit  amplitude  delta  functions  is  obtained  from  the 
specklegram.  This  is  then  cross-correlated  with  the  specklegram  which  has  the  effect  of 
shifting  each  of  the  bright  speckles  to  the  frame  center  and  superimposing.  The  final 
image,  like  that  of  SAA,  consists  of  an  estimate  of  the  true  image  superimposed  upon  the 
seeing  produced  background. 

Both  the  SAA  and  LWH  techniques  yield  results  which  are  seeing  dependent.  Thus  the 
extraction  of  the  diffraction  limited  image  is  dependent  upon  the  seeing  conditions. 
When  the  object  size  is  close  to  the  size  of  the  seeing  disk,  or  has  extended  low  power 
surrounding  a  brighter  center,  the  presence  of  the  background  makes  it  difficult  to 
extract  the  complete  image.  A  technique  which  is  self  calibrating  for  the  seeing  is 
therefore  preferable. 


Weighted  Sh i f t-and -Add  technique 

The  technique  which  we  use  is  derived  from  that  of  LWH.  Instead  of  using  gust  the 
brightest  speckles  we  generate  an  impulse  distribution  from  all  the  local  maxima  in  the 
specklegram  above  a  background  noise  level.  The  impulses  are  each  weighted  by  the 
amplitude  of  the  corresponding  local  maxima.  For  a  noise  free  case,  a  specklegram  can  be 
considered  to  be  the  convolution  of  the  diffraction  limited  image  with  an  infinite  set 
of  weighted  delta  functions  representing  the  random  amplitudes  and  phases  of  the 
perturbations  of  the  incoming  complex  wavefront  due  to  the  refractive  index  variations 
(caused  by  turbulence)  in  the  atmosphere. 

*  Observations  reported  here  were  obtained  at  Kitt  Peak  National  Observatory++  and  at 
the  Multiple  Mirror  Telescope  Observatory,  a  joint  facility  of  the  University  of  Arizona 
and  the  Smithsonian  Institution. 

**  Visiting  Astronomer  from  Department  Of  Astronomy,  New  Mexico  State  University,  Las 
Cruces,  NM88003. 

+  Visiting  Astronomer,  Kitt  Peak  National  Obser vator y+ +. 
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++  Kitt  Peak  National  Observatory  is  a  division  of  the  National  Optical  Astronomy 
Observatories,  operated  by  the  Association  of  Universities  for  Reserach  in  Astronomy, 
Inc.,  under  contract  to  the  National  Science  Foundation. 
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We  assume  tdat  ’.he  speck  1  c  _;  i  i.r ,  i(r),  can  be  approximated  as 

»  '  r  )  ~  c  t j  (  r  )  *  i  m  p  (  r  )  (  1 ) 


wnere  imp(r)  is  the  (finite!  set  ■:{  weighted  delta  functions  obtained  as  described  above 
and  oj.r)  is  the  diffraction  lit  it  ed  imago  which  is  given  by  the  convolution  of  the 
object  distribution  c ( r )  with  tne  telescope  point  spread  function  p(r ) .  r  defines  the 
two  dimensional  image  space  anl  *  is  used  to  denote  convolution. 

If  (1)  is  assumed  to  be  a  reasonable  representation  of  a  speck  1  eg r am <  then  an 
estimate  of  the  diffraction  limited  image  can  be  obtained  Ly  inverting  the  equation  when 
the  impulse  distribution  is  known.  However,  a  simple  deconvolution,  which  is  a  complex 
quotient  in  Fourier  space,  suffers  from  problems  caused  by  zero  or  small  number 
divisions.  Thus  we  have  implemented  a  weighted  deconvolution  procedure  which,  because  of 
the  effects  of  noise  bias  is  similar  in  form  to  that  of  Wiener  filtering.  Denoting  the 
Fourier  transform  by  the  upper  case,  i  .  e .  F T { i ( r )  )  =  1(f),  the  complex  quotient  can  be 
written  as 


Y.'.  I..(£)/lmp  (f)  )  W  (f) 

vi  ,  ( f ;  -  P  " _ _ _  (2) 

Zwn(D 

n 

where  f  is  the  spatial  frequency  domain  corresponding  to  r,  n  identifies  the  n'th 
specklojram  and  Wn(f)  is  its  weighting  function.  This  weighting  function  was  chosen  to 
be  the  power  spectrum  of  the  impulse  distribution,  i.e.  W  (f)*| lmpn(f)  |  2.  Substituting 
this  into  (2)  ther.  gives 

Vi  (f)  Imp*  (  f ) 

0d!£)  -  --0- - -,x-  (3) 

E!^pn(f)|2 

n 

where  *  denotes  the  complex  con  ju gate.  The  numerator  is  now  the  cross-spectrum  between 
the  speeklegram  and  the  impulse  distribution.  There  is  only  one  complex  division  which 
is  performed  after  accumulating  the  sums  in  the  numerator  and  the  denominator.  The 
latter  contains  a  bias  term  and  is  non-zero  at  all  spatial  frequencies  thus  removing  the 
effects  of  the  zero  and  small  number  divisions,  and  acting,  in  effect,  as  a  Wiener 
filter. 

The  Fourier  transform  of  the  numerator  is  the  cross-correlation  of  the  speeklegram 
with  the  impulse  distribution  and  therefore  represents  a  slightly  modified  LWH  image 
which  we  call  the  Weighted  3h i f t -and-Add  with  cross-correlation  (WSA/XC)  image.  Thus  cur 
final  result  is  the  weighted  deconvolution  of  the  KSA/XC  image  with  the  averaged  power 
spectrum  of  the  impulses.  It  is  this  term  which  removes  (or  minimizes)  the  seeing 
background  usually  found  in  SAA  ar.d  LWH  images.  Because  of  this  process  we  label  this 
technique  as  WFA/WD  where  WD  stands  for  the  Weighted  Deconvolution. 

iip.i  su  t  ement  s 

When  applied  to  real  data  the  local  maxima  in  eacli  speeklegram  do  not  necessarily 
represent  the  positions  and  amplitudes  of  the  noise-free  speckles.  In  fact,  each 
speeklegram  is  contaminated  by  Poisson  noise  so  that  the  images  produced  by  the  Shift- 
and-Add  techniques  contain  a  photon  'spike'  at  the  image  center.  Before  interpreting  the 
final  result  it  is  therefore  important  to  remove  this  spike.  In  the  Fourier  plane  the 
spike  transforms  into  a  noise  bias  which  is  colored  by  the  detector  response  (detector 
transfer  function)  and  has  non-zero  power  beyond  the  telescope  diffraction  limit".  We 
have  found  that  when  this  function  is  fit  with  a  Gaussian  (which  is  a  good  first  order 
approximation)  and  divided  out,  the  result  gives  a  Poisson  noise  bias  free  image.  If  the 
speckles  are  relatively  small  (  i.e.  a  few  pixels  in  width)  then  the  Poisson  noise  will 
have  little  effect  upon  locating  the  speckle  position  because  the  photon  event,  spread 
over  a  splotch  of  diameter  ~  2  pixels  with  our  detector3,  acts  as  a  low  pass  filter.  It 
has  been  previously  noted4  that  a  Sh i f t - a nd- Add  image  is  object  dependent  and  is  the 
convolution  of  the  diffraction  limited  image  with  an  object  dependent  point  spread 
function  for  the  reduction  process.  This  latter  term  reflects  the  accuracy  with  which 
the  speckle  maxima  can  be  located.  For  low-contrast  objects  much  larger  than  the 
detector  response,  the  uncertainty  in  the  locations  of  the  speckle  maxima  due  to  the 
additive  Poisson  noise  blurs  th?  final  image.  Thus  the  Poisson  noise  can  affect  the 
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Shlf t-and-Add  images  in  two  ways,  (i)  by  adding  a  (detector  colored)  noise  spike  to  the 
image  amplitude  and  (ii)  by  blurring  the  final  image  due  to  the  errors  in  the  detection 
of  the  speckle  maxima.  For  the  results  presented  here,  the  objects  have  been  chosen  to 
be  relatively  small  (or  diffraction  limited)  with  a  FWHM  ”  2  to  3  times  the  detector 
response.  Thus  the  blurring  due  to  uncertainty  in  the  location  of  the  speckles  is 
minimal  . 


Figure  1:  Azimuthally  averaged  radial 
profiles  for  Gamma  Orionis  (1)  with  & 
(2)  without  the  photon  spike. 


Figure  2:  Azimuthally  averaged  radial 
profiles  for  Gamma  Orionis  (1)  WSA/XC 
&  (2)  WSA/WD  both  'spike'  corrected. 


We  have  reduced  a  number  of  sets  of  data  of  the  unresolved  star  Gamma  Orionis  and  the 
resolved  supergiant  Alpha  Orionis.  This  data  was  taken  with  the  KPNO  4m  telescope  on 
February  2  1981.  Figure  1  shows  the  azimuthally  averaged  radial  profiles  of  the  WSA/WD 
image  of  Gamma  Orionis,  at  a  wavelength  of  650nm  and  a  bandpass  of  2nm,  both  with  and 
without  the  photon  spike.  As  can  be  seen  the  image  is  approximately  twice  the  width  of 
the  photon  spike  thus  minimizing  the  object  dependency  discussed  above.  This 
oversampling  of  the  diffraction  limit  is  in  fact  required  in  order  to  separate  the 
resolved  signal  and  the  noise  bias  as  two  distinct  components.  Figure  2  shows  the  final 
WSA/WD  and  WSA/XC  images.  Note  that  the  seeing  produced  background,  which  is  clearly 
visible  in  the  WSA/XC  image,  is  reduced  to  a  flat  zero  background  in  the  WSA/WD  image. 

It  is  important  for  any  image  reconstruction  or  image  recovery  algorithm  that  a 
realistic  point  spread  function  be  produced  when  an  unresolved  object  is  observed. 
Figures  3(a)-(c)  show  the  azimuthally  averaged  WSA/WD  radial  profiles  for  Gamma  Orionis 
compared  to  the  computed  telescope  point  spread  functions  (using  a  3.8m  aperture  with  an 
obscuration  ratio  of  .3).  Three  different  bandpasses  were  analyzed  (a)  650/2  nm,  (b) 
656. 3/. 3  nm  and  (c)  850/10  nm.  As  can  be  seen  there  is  good  agreement  between  the 
models  and  the  images  especially  for  (a)  and  (c).  The  width  of  the  central  maxima  and 
positions  and  amplitudes  of  the  secondary  maxima  compare  favorably.  The  narrow  band 
interference  filter  used  for  (b)  appears  to  produce  a  blurring  (defocusing)  by 
comparison  to  the  other  data  sets. 

Figures  3(d)  —  (f)  compare  the  azimuthally  averaged  radial  profiles  for  Gamma  Orionis 
with  the  resolved  star  Alpha  Orionis  for  the  same  three  bandpasses,  (d)  650/2  nm,  (e) 
656. 3/. 3  nm  and  (f)  850/10  nm.  For  (d)  and  (e)  Alpha  Orionis  is  clearly  resolved 
compared  to  the  measured  point  spread  function.  For  !f)  the  disk  of  the  star  can  be  seen 
to  be  just  resolved  and  the  secondary  maximum  is  becoming  visible.  At  850  nm  the 
diffraction  limit  of  a  3.8  m  aperture  corresponds  to  46  mi  1 1  i-seconds  of  arc  (msa) 
whereas  the  value  for  the  diameter  of  Alpha  Orionis,  obtained  from  extensive  analysis  of 
conventional  autocorrelation  function  and  power  spectrum  reductions3,  is  approximately 
42  msa’.  This  profile  shows  the  presence  of  an  extended  envelope  around  the  star  out  to 
a  radius  of  300  msa  which  has  also  been  implied  from  several  other  measurements,  using  a 
number  of  related  techniques,  including  differential  speckle  interferometry6. 

A  data  set  of  Gamma  Orionis  taken  with  the  fully  phased  Multiple  Mirror  Telescope7  at 
a  bandpass  of  656. 30/. 13  nm  has  also  been  reduced  with  this  technique.  Figure  4  shows 
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Shif t-and-Add  images  in  two  ways,  (i)  by  adding  a  (detector  colored)  noise  spike  to  the 
image  amplitude  and  (ii)  by  blurring  the  final  image  due  to  the  errors  in  the  detection 
of  the  speckle  maxima.  For  the  results  presented  here,  the  objects  have  been  chosen  to 
be  relatively  small  (or  diffraction  limited)  with  a  FWHM  "  2  to  3  times  the  detector 
response.  Thus  the  blurring  due  to  uncertainty  in  the  location  of  the  speckles  is 
minimal . 


Figure  1:  Azimuthally  averaged  radial 
profiles  for  Gamma  Orionis  (1)  with  & 
(2)  without  the  photon  spike. 


Figure  2:  Azimuthally  averaged  radial 
profiles  for  Gamma  Orionis  (1)  WSA/XC 
&  (2)  WSA/WD  both  'spike'  corrected. 


We  have  reduced  a  number  of  sets  of  data  of  the  unresolved  star  Gamma  Orionis  and  the 
resolved  supergiant  Alpha  Orionis.  This  data  was  taken  with  the  KPNO  4m  telescope  on 
February  2  1981.  Figure  1  shows  the  azimuthally  averaged  radial  profiles  of  the  WSA/WD 
image  of  Gamma  Orionis,  at  a  wavelength  of  650nm  and  a  bandpass  of  2nm,  both  with  and 
without  the  photon  spike.  As  can  be  seen  the  image  is  approximately  twice  the  width  of 
the  photon  spike  thus  minimizing  the  object  dependency  discussed  above.  This 
oversampling  of  the  diffraction  limit  is  in  fact  required  in  order  to  separate  the 
resolved  signal  and  the  noise  bias  as  two  distinct  components.  Figure  2  shows  the  final 
WSA/WD  and  WSA/XC  images.  Note  that  the  seeing  produced  background,  which  is  clearly 
visible  in  the  WSA/XC  image,  is  reduced  to  a  flat  zero  background  in  the  WSA/WD  image. 

It  is  important  for  any  image  reconstruction  or  image  recovery  algorithm  that  a 
realistic  point  spread  function  be  produced  when  an  unresolved  object  is  observed. 
Figures  3 (a)  —  (c)  show  the  azimuthally  averaged  WSA/WD  radial  profiles  for  Gamma  Orionis 
compared  to  the  computed  telescope  point  spread  functions  (using  a  3.8m  aperture  with  an 
obscuration  ratio  of  .3).  Three  different  bandpasses  were  analyzed  (a)  650/2  nm,  (b) 
656. 3/. 3  nm  and  (c)  850/10  nm.  As  can  be  seen  there  is  good  agreement  between  the 
models  and  the  images  especially  for  (a)  and  (c).  The  width  of  the  central  maxima  and 
positions  and  amplitudes  of  the  secondary  maxima  compare  favorably.  The  narrow  band 
interference  filter  used  for  (b)  appears  to  produce  a  blurring  (defocusing)  by 
comparison  to  the  other  data  sets. 

Figures  3 (d)  —  ( f )  compare  the  azimuthally  averaged  radial  profiles  for  Gamma  Orionis 
with  the  resolved  star  Alpha  Orionis  for  the  same  three  bandpasses,  (d)  650/2  nm,  (e) 
656. 3/. 3  nm  and  (f)  850/10  nm.  For  (d)  and  (e)  Alpha  Orionis  is  clearly  resolved 
compared  to  the  measured  point  spread  function.  For  (f)  the  disk  of  the  star  can  be  seen 
to  be  just  resolved  and  the  secondary  maximum  is  becoming  visible.  At  850  nm  the 
diffraction  limit  of  a  3.8  m  aperture  corresponds  to  46  m  i  1 1  i -seconds  of  arc  (msa) 
whereas  the  value  for  the  diameter  of  Alpha  Orionis,  obtained  from  extensive  analysis  of 
conventional  autocorrelation  function  and  power  spectrum  reductions  ,  is  approximately 
42  msa  .  This  profile  shows  the  presence  of  an  extended  envelope  around  the  star  out  to 
a  radius  of  300  msa  which  has  also  been  implied  from  several  other  measurements,  using  a 
number  of  related  techniques,  including  differential  speckle  interferometry”. 

A  data  set  of  Gamma  Orionis  taken  with  the  fully  phased  Multiple  Mirror  Telescope^  at 
a  bandpass  of  656. 30/. 13  nm  has  also  been  reduced  with  this  technique.  Figure  4  shows 


0 


200 


0 


200 


Figure  3:  Azimuthally  averaged  radial  profiles  of  Gamma  Orionis  (a)-(c)  with  3.8m  Airy 
pattern,  (d)-(f)  with  the  resolved  star  Alpha  Orionis  for  the  three  wavelengths  shown. 

the  final  image.  The  FWHM  of  the  central  lobe  is  consistent  with  that  of  an  Airy  disk 
for  a  6.9  m  aperture  at  the  same  wavelength  (~20msa).  The  six-fold  symmetry  of  the  .point 
spread  function  is  seen  but  its  non-uniform  appearance  indicates  imperfect  phasing  . 

Signal-to-Noise  measurements 
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In  order  to  evaluate  the  ability  of  this  technique  to  recover  low  power  information 
we  have  performed  a  series  of  measurements  to  show  how  the  background  of  the  WSA/WD 
image  relates  to  the  number  of  frames  processed.  Figures  5(a)-{e)  show  contour  plots  of 
images  of  Gamma  Orionis  at  650/2  nm  for  (a)  4,  (b)  16,  (c)  64,  (d)  256  and  (e)  1024 
frames  respectively.  There  are  25  contour  levels  at  2%  intervals  starting  from  a  minimum 
of  1%  to  a  maximum  at  the  half  power  point.  Each  image  is  comprised  of  128  x  128  pixels 
with  an  image  scale  of  7.22  msa/pixel.  For  only  four  frames  the  central  maximum  is 
clearly  visible  and  the  first  Airy  ring  is  beginning  to  appear  above  the  noise.  The 
background  is  flat  but  noisy  to  a  5%  level.  As  the  number  of  frames  is  quadrupled  the 
noise  level  decreases  by  the  expected  factor  of  2.  The  final  image  of  1024  frames,  5(e), 
shows  no  background  at  the  11  level  for  radii  greater  than  the  second  Airy  ring  (“30 
pixels).  The  first  ring  is  now  clearly  complete  but  lumpy.  All  our  observations  show 
this  same  effect  and  we  conclude  this  to  be  caused  by  aberrations  within  our  own  optical 
system.  A  somewhat  noisy  second  Airy  ring  is  also  visible.  The  vertical  stripes  at  the 
11  level  are  caused  by  clocks  related  to  the  video  and  digitization  process. 
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Figure  5  :  WSA/WD  i.rj  j->s  of  Cam..?  a  0 r  i  o n  i  s  for  ( a )  4  ( b )  16  ( c )  64  ( d )  256  &  ( e )  1024 
frames,  (f)  RMS  noise  for  radii  vii!  pixels  vs.  number  of  frames.  The  solid  line  is  a 
power  law  of  - . 5  . 

from” the  34  contour  up  the  two  images  are  practically  identical.  Figure  6(c)  shows  the 
spatial  uniformity  of  the  difference  between  these  two  images.  The  RMS  value  of  this 
difference  is  '.54  w.*h  the  extremes  approaching  1%.  As  can  be  seen  this  difference  is 
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Conclusions 


We  have  presented  a  version  o£  the  Sh i f t-and-Add  algorithm,  for  use  with  astronomical 
speckle  interferometric  data,  and  have  demonstrated  its  ability  to  produce  diffraction 
limited  images  which  appear  to  be  self  calibrating  for  seeing  effects  with  a  dynamic 
range  of  up  to  6  magnitudes.  For  the  case  when  the  FWHM  of  the  object  is  a  few  times 
greater  than  the  detector  point  spread  function  we  have  been  able  to  obtain  realistic 
telescope  point  spread  functions  for  an  obscured  single  mirror  (i.e.  the  KPNO  4m)  and  a 
phased  optical  array  (6.9m  MM T)  .  A  resolvable  stellar  disk  has  been  measured  for  Alpha 
Orionis.  Preliminary  measurements  of  this  disk  are  in  good  agreement  with  power  spectral 
determinations  for  the  same  data  set  and  also  for  other  data’1” 

There  are,  however,  limitations  to  the  direct  use  of  this  algorithm  and  Sh i f t-and-Add 
algorithms  in  general.  The  first  is  the  difficulty  of  detecting  the  correct  speckle 
maxima.  As  discussed  earlier  the  detection  of  a  local  maximum  can  easily  be  affected  by 
the  presence  of  Poisson  noise  in  the  specklegram  and  can  produce  a  blurred  image^  when 
the  object,  and  therefore  its  speckles,  is  significantly  wider  than  the  detector 
response.  The  second  limitation  is  the  difficulty  of  recovering  a  diffraction  limited 
■  age  of  an  object  with  multiple  maxima  where  no  one  maximum  dominates.  The  simplest 
example  of  this  is  a  binary  star  with  two  unresolved  components.  In  this  case  these 
algorithms  produce  'ghosts',  because  of  the  duplicity  of  the  speckles,  tending  to  mimic 
autocorrelation  functions  when  the  two  components  have  comparable  brightnesses.  In 
order  to  apply  Shift-and-Add  to  such  objects  so  as  to  be  able  to  produce  the  correct 
impulse  distributions  and  therefore  diffraction  limited  images,  an  improved  technique  of 
finding  the  speckle  locations  must  be  applied.  One  such  technique  involves  the  use  of 
matched  filters  and  is  discussed  in  a  companion  paper*'®. 

The  data  presented  here  are  for  bright  objects  where  the  speckles  are  easily 
identifiable.  However  for  faint  objects,  where  there  are  only  a  few  photons  per  speckle, 
the  local  maximum  finding  algorithm  is  no  longer  valid.  The  use  of  matched  filter 
analysis’®  should  help  identify  speckles  in  the  photon  limited  domain  and  thus  extend 
this  imaging  technique  to  much  fainter  objects  (mv>8)  such  as  galactic  nuclei  and  QSO's 
as  well  as  asteroids  and  other  faint  solar  system  objects. 

The  underlying  assumption  of  all  Shift-and-Add  techniques  is  that  speckles  are  highly 
distorted  diffraction  limited  images.  For  objects  much  smaller  than  the  seeing  disk  this 
can  be  considered  a  reasonable  approximation  as  illustrated  by  the  results  presented 
here.  This  approximation,  however,  is  empirical  and  further  statistical  analysis  about 
the  formation  of  specklegrams  is  needed  to  validate  this  assumption.  A  statistical 
analysis  of  the  WSA  technique  is  discussed  by  Freeman  et  al.  1  in  a  companion  paper. 
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Self-calibrating  shift-and-add  technique  for  speckle 

imaging 
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An  image-reconstruction  technique  for  astronomical  speckle  interferometric  data  is  described.  This  variant  of  the 
shilt-and-add  algorithm  originally  developed  by  Lynds  et  al.  (Astrophys.  ,1,  207.  174  (1976)|  utilizes  a  weighted 
impulse  distribution  of  speckle  positions  to  extract  an  average  speckle  for  a  data  set.  This  is  done  by  means  of  a 
weighted  deconvolution  procedure,  similar  in  form  to  a  Weiner  filter,  which  deconvolves  the  specklegram  by  I  he 
impulse  distribution.  Results  show  that  this  method  appears  to  be  self-calibrating  lor  seeing  effects.  It  yields 
point-spread  functions,  for  observations  of  an  unresolved  star,  that  compare  quantitatively  with  computed  Airy 
patterns  for  both  simple  ajiertures  and  the  fully  phased  multiple  mirror  telescope  array.  Images  of  the  resolved 
object  Alpha  Orionis  show  evidence  of  an  extended  stellar  envelope 


INTRODUCTION 

Since  its  introduction  by  Labeyrie,1  speckle  interferometry 
has  been  used  to  obtain  diffraction-limited  information 
about  astronomical  objects.  In  its  original  form  the  tech¬ 
nique  yielded  the  object  distribution  power  spectrum  esti¬ 
mate  of  a  series  of  short -exposure  (Mid-msec)  images 
(specklegrams).  This  power  spectrum  estimate  only  con¬ 
tains  information  about  the  modulus  of  the  Fourier  trans¬ 
form  of  the  object  distribution  anti,  without  the  phases  of  the 
Fourier  transform,  cannot  be  used  to  reconstruct  the  object. 
A  number  of  techniques  have  been  developed  to  reconstruct 
these  phases  and  therefore  the  object  by  invoking  the  fact 
that  for  measured  data  sets  a  unique  phase  solution  exists.2  ■* 
These  techniques,  however,  rely  on  no  input  phase  informa¬ 
tion.  Furthermore,  the  effects  of  measured  noise  on  the 
numerical  efficiency  of  the  phase-retrieval  algorithms,  on 
which  these  techniques  are  based,  are  nut  as  yet  fully  under¬ 
stood.  A  number  of  other  imaging  techniques  exist  that 
recover  the  phases  from  the  original  specklegrams.  Among 
those  are  the  shift-and-add  algorithms'”'  and  the  Knox- 
Thompson7  approach.  Comprehensive  reviews  of  speckle 
imaging  techniques  can  be  found  in  work  by  Bates"  and 
Dainty.9 

The  preferred  imaging  techniques  are  those  that  use  the 
phase  information  available  in  the  specklegrams.  One  such 
set  of  methods  make  use  of  the  intuitive  interpretation  of  a 
speckle  as  being  a  highly  distorted  version  of  the  diffraction- 
limited  image.  Variations  of  this  form  of  analysis  were  pro¬ 
posed  by  Lynds  et  al.''  and  Bales  and  Cady.1'  and  a  theoreti¬ 
cal  study  by  Hunt  et  a/."1  has  shown  that  diffraction-limited 
information  is  preserved.  The  latter  method,  known  as 
shill  and -add  (SAA)  has  been  further  developed  by  Bag 
nuolo."  SAA  is  accomplished  by  first  locating  the  bright 
est  pixel  in  each  specklegram  and  then  shilling  the  speckle- 
gram  to  place  this  pixel  at  the  center  of  Image  spate.  The 
filial  image  is  obtained  by  averaging  over  a  set  ot  shifted 
spet  klegrams  The  result  is  a  diffraction-limited  image  sit 
ting  on  top  of  a  seeing-produced  background,  which  is  pro¬ 
duced  hv  averaging  over  the  remaining  spet  kies  of  the  speck¬ 


legram.  Thus  the  SAA  image  is  dependent  on  the  seeing 
conditions  and  contains  a  seeing-dependent  bias  (back¬ 
ground).  The  Lynds,  Worden,  and  Harvey  (LVVH)  tech¬ 
nique  utilizes  those  speckles  whose  intensities  he  above 
some  threshold  (typically  the  brightest  10%)  and  uses  them 
togenerate  an  impulse  distribution  of  delta  functions  having 
unit  amplitude  at  the  speckle  positions.  The  LVVH  image  is 
built  up  by  cross  correlating  the  specklegram  with  the  im 
pulse  distribution  to  shift  these  brightest  speckles  to  the 
center  of  image  space.  The  final  result  is  obtained  by  averag¬ 
ing  over  the  whole  data  set.  Like  the  SAA  image,  the  LWH 
image  also  comprises  two  components,  the  diffract  ion -limit¬ 
ed  image  on  top  of  a  broader  seeing  background.  For  both 
methods  the  extraction  of  the  diffraction-limited  image  is 
dependent  on  the  seeing  conditions,  and  this  is  made  more 
difficult  when  the  size  of  the  object  approaches  that  of  the 
seeing  disk. 

METHOD 

The  technique  that  we  have  used  is  derived  from  that  of 
LWH  but  utilizes  all  speckles  in  the  specklegram  above  a 
background  noise  level.  The  specklegram  i < r)  is  assumed  to 
be  approximated  by  a  convolution  of  the  object  olrl  with  the 
telescope  point-spread  function  atr)  all  convolved  with  a  set 
of  weighted  delta  functions  (impulse  distribution),  Implrl. 
corresponding  to  (he  amplitudes  and  positions  of  the  speck¬ 
les,  i.e.. 

i(  r)  =  |o(r)*<ilr)|*lmp(r).  (II 

where  *  denotes  convolution  and  r  represents  the  image 
domain.  This  simple  model  lakes  into  account  that  the 
specklegram  is  formed  by  random  phase  shifts  in  the  com 
plex  wave  front  due  to  relraetive-index  variations  in  the 
atmosphere.  Thus  a  specklegram  can  he  considered  to  lie  a 
scl  ol  highly  distorted  dilliaition  limited  image-  within  a 
region  defined  by  t  he  seeing  disk.  Theretore.  if  t  his  assiimp 
lion  is  true,  t  he  diffract  ion  limited  image  can  he  obtained  by 
deconvolving  the  specklegram  hv  the  impulse  distribution. 
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The  impulse  distribution  can  be  obtained  by  locating  all  the 
speckle  maxima  and  setting  the  amplitudes  of  the  delta 
functions  equal  to  that  of  the  corresponding  speckle  ampli¬ 
tudes.  Thus,  when  the  specklegram  Eq.  ( 1 )  is  deconvolved 
by  the  impulse  distribution,  the  result  is,  to  a  first  approxi¬ 
mation.  the  diffraction-limited  image  of  the  object.  In  this 
analysis  we  used  the  local  maxima  in  the  specklegrams  to 
define  the  amplitude  and  position  of  the  impulses. 

To  avoid  the  problems  inherent  in  regular  deconvolution 
techniques,  i.e..  division  by  zero  or  small  numbers  in  the 
complex  quotient,  we  have  implemented  a  weighted  decon¬ 
volution  procedure  similar  in  form  to  a  Wiener  filter.  De¬ 
noting  the  Fourier  transform  by  uppercase  letters,  then  the 
complex  quotient  can  be  written  as 

V|/„(f)/lmp„(f)|W„(f) 

fT)o(r)*a(r)|  =  ■"  -  .  (2) 

V  W„<f> 

n 

where  f  is  the  spatial  frequency  domain  corresponding  to  r,  n 
identifies  the  nth  specklegram,  and  lV„(f)  its  weighting. 

In  order  to  minimize  the  number  of  complex  divisions  and 
to  obtain  a  function  that  is  always  nonzero  we  chose  the 
weighting  function  to  be  the  power  spectrum  of  the  impulse 
distribution,  i.e..  W„(f)  =  |  lmp„(f)|-.  The  numerator  in  Eq. 
rJ)  then  becomes  the  cross  spectrum  between  the  speckle¬ 
gram  and  the  impulse  distribution,  thus  reducing  the  num¬ 
ber  of  complex  quotients  to  one,  that  of  the  ensemble  aver¬ 
age  (sum)  of  the  cross  spectra  and  the  impulse  power  spec¬ 
tra.  so  that  Eq.(2)  can  be  rewritten  as 

^  /„(f)lmp„*(f) 

/•71o(r)*n(r)|  =  ''  •  Cl) 

\  |  lmp„(f)|  ■ 

The  averaged  impulse-distribution  power  spectrum  con¬ 
tains  a  bias  term  due  to  Poisson  statistics  and  is  therefore 
nonzero  at  all  frequencies.  Because  we  use  a  weighted  im¬ 
pulse  distribution  and  a  weighted  deconvolution  technique 
we  call  this  analysis  weighted  shift -and-add/weighted  de- 
convolution  (WSA/WD). 

It  is  interesting  to  note  that  the  numerator  of  Eq.  (3)  is  the 
Fourier  transform  of  the  cross  correlation  of  the  speckle¬ 
gram  with  the  weighted  impulse  distribution  and  therefore 
i>  a  minor  modification  to  the  LWH  technique,  which  we 
denote  bv  WSA/XC. 

RESULTS 

the  USA  images,  as  well  as  the  images  Ironi  other  SAA 
techniques,  contain  a  photon  spike  at  t  he  center  owing  to  the 
photon  noise  in  the  specklegrams.  This  can  be  removed  by  a 
*  orrection  applied  in  the  Fourier  plane.  At  the  same  time, 
the  t-t t «■*  t  —  ol  the  detector  transfer  Innction  can  also  be 
removed  Hege  nf 1  “  have  reported  that  the  detector 
n  -pon-t  i-  a  -harp  (iati-sian  In  the  -pat  in  I  frequency  do- 
mum  tin-  be.  oim—  u  broad  ( , .on-inn  which  is  a  mult i plica 
t  i \  •  tei  m  lii  i.iii'i'"l  t  be  com  obit  ion  ol  t  be  det  eel  or  response 
■\  1 1  li  tin  -mo.il  \  1 1  .ni--i.li!  t  -  luted  to  t  reipieni  ics  be\  olid 
'  '  "  oil  I  .  -  pi  .'in  '  t  -  I  I  '  '.  Ill  I  e  I  I  e-  t  tie  d  1. 1  III  el  I  r  ol  t  lie 
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Fig  1  Radial  average  profiles  for  (lamma  Orionis:  (i)  SAA.  (iil 
WKA/XC.  and  (iiil  WSAAVI)  al  X  =  650.0/0.2  nm  using  the  Kl’NO 
4-m  telescope. 
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Fig.  2.  Radial  averaged  profiles  for  (i)  WSA/WI)  Gamma  Orionis 
and  (ii)  Airy  pattern  of  3.8-m  aperture  with  a  1:3  rent  rat  obscuration 
at  X  =  050.0/0.2  inn. 


aperture  and  X  is  the  observing  wavelength.  This  Gaussian 
is  divided  tout,  and  the  remaining  bias  of  unity  is  subtracted. 
This  effectively  removes  the  photon-noise  biased -induced 
photon  spike  from  these  images. 

Figure  1  shows  the  radial  averaged  profiles  for  the  SAA, 
WSA/XC,  and  WSA/WD  images  for  the  point-source  Gam¬ 
ma  Orionis  observed  at  the  Kitt  Peak  National  Observatory 
(KPN0)  4-m  Mayall  telescope  with  a  bandpass  of  2.0  nm 
centered  on  650.0  nm  using  the  Steward  Observatory  (SO) 
speckle  camera.11  Comparison  of  these  profiles  clearly 
shows  the  seeing- produced  background  in  both  the  SAA  and 
WSA/XC  reductions  to  lie  substantially  reduced  to  the  flat 
background  shown  in  the  WSA/WD  profile.  Figure  2  com¬ 
pares  the  same  WSA/WD  result  to  that  of  an  Airy  profile  for 
a  3.8-m  aperture  with  a  central  obscuration  ratio  of  1:3, 
which  is  the  case  for  the  Mayall  telescope.  These  two  pro¬ 
files  compare  very  favorably:  the  width  of  the  central  lobe 
and  t  he  position  and  amplitude  of  the  first  Airy  ring  agree  to 
within  a  few  percent.  Figure  3  shnws  the  theoretical  Airy 
pattern  and  the  reconstructed  Airy  pattern  image  from 
which  the  radial  averaged  profiles  were  computed.  The  rms 
difference  between  these  two  images  is  ~0.2r<  that  of  the 
peak  lor  radii  greater  than  the  first  Airy  ring  (the  region 
where  the  seeing  is  dominant  in  the  SAA  and  WSA/XC 
image-!.  The  riled-  ol  a  oooioiilorm  Airv  pattern  give  an 
i  in-  dillereiu  e  ol  -  I  T .  tor  radii  within  the  lirsl  Airy  ring. 
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VVSA/WD  radial  profiles  for  the  extended  object  Alpha 
Orionis  and  the  unresolved  point  sources  Gamma  and  Epsi¬ 
lon  Orionis,  taken  with  the  SO  2.3-m  telescope,  are  shown  in 
Fig.  4.  The  observing  bandpass  of  0.3  nm  was  centered  on 
854.2  nm.  The  point -source  observations  of  Gamma  and 
Epsilon  Orionis  bracketed  the  measurements  of  Alpha 
Orionis.  They  give  similar  profiles,  the  difference  indicat¬ 
ing  a  residual  sensitivity  of  the  technique  to  differences  in 
the  data  sets.  At  ,\  =  850  nm  the  diffraction  limit  of  the  2.3 
m  is  76  milliseconds  of  arc  (msa)  so  that  the  — 42-msa  disk  of 
Alpha  Orionis14  remains  unresolved,  as  is  seen  in  the  figure. 
The  Alpha  Orionis  profile  shows  an  extension,  most  proba¬ 
bly  due  to  the  presence  of  a  circumstellar  gaseous  envelope, 
up  to  a  radius  of  —300  msa.  This  measurement  is  commen¬ 
surate  with  power-spectrum  analysis  of  a  4-m  data  set  at  the 
same  wavelength  as  reported  by  Goldberg  ft  al.1'  A  circum¬ 
stellar  envelope  has  also  been  detected  with  a  rotation  shear¬ 
ing  interferometer"’  at  an  observing  wavelength  of  535  nm. 

Reconstructed  images  of  both  Alpha  Orionis  and  Gamma 
Orionis  are  shown  in  Fig.  5.  These  observations  were  taken 
with  the  KRNO  telescope  with  bandpasses  of  656.3/0.3  nm 
and  650.0/2.0  nm  The  Gamma  Orionis  images  show  a 
lumpy  Airy  ring  at  a  NE  SVV  position  angle  [Figs.  5I>  and 
5et.  By  comparison  with  the  point  source.  Alpha  Orionis  is 
clearly  resolved  by  this  larger  telescope  <  Figs.  5a  and  5d). 


and  the  images  also  show  structure  at  the  same  position 
angle  as  the  lumpy  Airy  ring. 

In  order  to  remove  the  effects  of  the  lumpy  point-spread 
function  (PSF)  from  these  Alpha  Orionis  images,  we  used 
the  CLEAN1,  algorithm.  CLEAN  has  been  successfully  ap¬ 
plied  in  the  past  to  radio  interferometric  observations  in 
order  to  remove  artifacts  and  systematics  due  to  the  interfer- 


Fig.  I  WSA  \VI)  radial  averaged  profiles  nt  lil  Alpha  Orionis.  Ini 
Fp-iloii  Orionis.  .01(1  lili)  Can  mm  Orionis  taken  with  the  Steward 
I  Ihsorv  atnr\  .’  S  in  telescope  at  \  =  So  1.2  U.:t  nm 
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Kin .  ■’>.  Ken  instructed  images  of  Alpha  and  Gamma  Orionis.  a, 
U  SA  Wl)  Alpha  Orionis  (,\  =  65fi.3/0.3  nml;  h.  WSA/WD  Gamma 
( >rioiiis  i  V  =  656  3  0.3  nml:  e.  a  cleaned  hy  b  as  described  in  text:  d-f. 
,i'  lielore  but  at  \  =  6.50.0 '2  1 1  nm.  All  observations  at  KPNO  4  m 
trleMope. 


ometer  beam  It  is  an  iterative  process  that  locates  the 
brightest  pixel  in  the  dirtv  map  (resolved  object  imagel.  and 
. 1 1  tbi'  loialion  il  subtracts  the  dirtv  beam  l point -source 
imagci.  which  i'  >el  in  be  a  factor  iloop  gain,  (il  of  the 
•  on  ill  pi  ak  m  the  dirtv  map  The  process  is  repeated  nil 


the  residual.  The  algorithm  generates  an  array  of  delta 
functions  of  varying  intensities  in  such  a  way  that  the  dirty 
map  can  be  considered  to  be  the  weighted  sum  of  the  dirty 
beam  at  the  delta-function  locations  plus  the  final  residual. 
The  iterations  stop  either  when  the  intensity  of  the  final 
residual  is  at  the  image  noise  level  or  when  a  certain  number 
of  negative  delta  functions  is  reached.  The  clean  map  is 
generated  by  convolving  the  delta-function  array  with  a 
clean  beam,  which  is  usually  obtained  by  Fitting  a  Gaussian 
to  the  central  component  of  the  dirty  beam.  The  quality  of 
the  final  clean  map  depends  on  both  the  value  of  G  and  the 
number  of  iterations. 

The  cleaned  images  of  Alpha  Orionis  are  shown  in  Figs.  5c 
and  5f.  The  loop  gain  was  set  at  70%,  and  50  iterations  were 
used.  These  images  show  the  removal  of  the  lumpy  Airy 
ring  and  indicate  a  nonuniform  structure  of  the  stellar  enve¬ 
lope. 

The  use  of  CLEAN  is  further  demonstrated  in  the  next 
figure.  A  data  set  of  Alpha  Orionis  and  Epsilon  Orionis 
taken  with  the  SO  2.3-m  telescope  at  a  wavelength  of  650  nm 
was  reduced  using  the  WSA/XC  algorithm.  These  images 
are  shown  in  Figs.  6a  and  6b,  respectively.  They  still  in¬ 
clude  the  photon  spike,  but  the  seeing  background  was  re¬ 
moved  by  approximating  it  by  a  Gaussian  and  then  subtract¬ 
ing.  Both  of  these  images  contain,  in  addition  to  the  noise 
spike,  a  video  artifact  due  to  the  nonlinear  response  of  the 
TV  camera.  This  undershoot  is  produced  by  the  video  cas¬ 
sette  recorder  electronics  after  scanning  across  a  bright 
speckle.  The  Epsilon  Orionis  image  was  used  as  a  dirty 
beam  to  CLEAN  the  Alpha  Orionis  image  (Fig.6c)  as  de¬ 
scribed  above.  The  loop  gain  was  also  set  to  70%  for  50 
iterations.  This  clean  image  shows  the  removal  of  the  un¬ 
dershoot  artifact  and  also  shows  the  presence  of  a  probable 
stellar  envelope  with  a  position  angle  similar  to  that  seen  in 
the  4-m  data  set.  The  astrophysical  interpretation  of  these 


Fig.  6.  Reconstructed  images  of  Alpha  and  Gamma  Orionis.  a. 
WSA  \C  Alpha  Orionis:  h.  WSA/XC  Gamma  Orionis:  c.  a  cleaned 
liv  h  a--  described  in  lexl .  Observations  at  SO  2.3  m  telescope  at  X  = 
6  5o  o  J  n  mn 
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Fig  .  SA  \\  I)  image  <>t  ( lamina  Orlonis  taken  with  the  lully  phased  MMT  at  -\  =  656.11/0.11  nm.  The  artifacts  are  a  result  of  the  apodizing 
•.u ndow  caused  h\  the  video  digitizer.  I'his  is  the  MMT  PSF.  Scale,  a  msa/pixel. 

er  SAA  analyses  is  its  apparent  seeing  self-calibration,  which 
produces  a  flat  background  (i.e.,  no  residual  seeing  bias), 
thus  permitting  realistic  interpretation  of  extended  low- 
power  structure  such  as  stellar  envelopes.  This  self-calibra¬ 
tion  is  due  to  the  selection  of  all  speckles  and  the  weighting 
of  t  he  impulses  so  that  t  here  is  no  residual  when  a  speckle  is 
deconvolved  by  its  corresponding  impulse.  The  use  of  the 
<  I. Kan  algorithm  allows  the  systematic^  of  the  telescope 
l’SF  land  even  serious  video  artifactsl  to  be  removed  when 
an  unresolved  point  source  tdirty  beam)  is  observed. 

I  hroughoiit  this  analysis  it  has  been  assumed  that  both 
i  In  resolved  and  t  be  unresolved  objects  produce  object  inde¬ 
pendent  \\  SA  \\  I )  images.  However,  it  was  previously  not¬ 
ed  t hat  SAA  images  are  object  dependent  owing  to  the  con 
volution  "I  the  dillr, action  limited  object  with  an  object - 
'  pendi  nl  I'M-  !  I  he  latter  term  can  arise  for  a  number  of 
re.i'.-tis  I  lie  prist  ine  nl  I’oissun  noise  in  tile  data  may 
atilt  t  In  .a  1 1  it  .a  v  w  a  h  w  hu  ll  t  be  speckle  maxima  arc*  local 
•  d  I  In  -  w ill  lie  e-pei  i.i llv  t rue  lor  low  emit rast  extended 
im  i  t  -  and  t  he  net  el  lei  I  is  a  blurring  ot  the  final  image. 
1  •  ■  'In  ■  a-i  "I  a  liman  star  each  speckle  will  have  two 
a  I'-tu  i  '  n  "  lead  to  t  lie  presence  g hosts  in  t lie  tinal  image 

!  la  t  a  i  pi  i  -i  i  a  id  in  tin-  paper  i  mi- is|  ,  ,|  single  maxi  mu  ni 


and  other  Alpha  Orioni'  images  is  currently  in  preparation 
lor  publication  elsewhere. 

Finally.  Fig  7  hows  the  I’SF  ot  the  lully  phased  multiple 
mirror  telesc  ope  i  MMTi  at  a  bandpass  of  O.tl  nm  centered  on 
ti.’iti.d  mil.  using  tianima  (Irionis  as  an  miresolvalile  source. 
Flic  FWH  M  ni  t  be  cent  ral  lobe  *•-  2o  insa.  which  is  consistent 
withth.it  "I  an  A  irv  pat  t  ern  t<>r  a  u.'i  in  a  pert  ure  at  t  be  same 
wavelength  I  lie  -ideh.lies  -bow  the  sixtold  symtne-t ry  ex 
fieited.  but  :e  tie  im  1 1  uni  unplitude-  mdieatr-  imperfect 
plia-mg  I  In  •  •  ui. | " 1 1 1  d  n  -p' ,ii-i-  pnbli-beil  liv  Angel  '  i  an 
1 H  •  "inpar  ed  i.  iv  i  a'  di! ,  wall  tin  -  re-i  ilt  I  In  potent  i.i  I  ut  ill 
'  I  He  MM!  i -  i  ph  t -  ed  irras  high  re-. >lul imi  imaging 

a  i.  -  •!  -  . .  r  l.v  H.  ...  ■  ' 
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high-contrast  speckles  and  appear  not  to  suffer  from  the 
effect  of  the  object -dependent  point-spread  function.  A 
new  method  of  locating  the  speckle  positions  is  needed  for 
the  cases  of  multiple-peaked  objects  and  in  the  presence  of 
strong  Poisson  noise.  A  matched-filter  approach  has  been 
applied  and  is  reported  elsewhere.--  It  is  hoped  that  this 
will  also  allow  extension  of  the  VVSA/WD  analysis  to  the 
faint  object  (photon-limited)  domain,  e.g..  quasi-stellar  ob¬ 
jects  and  galactic  nuclei. 

The  results  presented  here  represent  a  preliminary  analy¬ 
sis  of  a  much  larger  data  base,  which  is  currently  being 
studied  for  astrophysical  content.18 
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Abstract.  We  have  applied  a  variant  of  the  shift-and-add  algorithm  origi¬ 
nally  developed  by  Lynds,  Worden,  and  Harvey  [Astrophys.  J.  207,  174 
<1976)1  to  astronomical  speckle  interferometric  data.  A  set  of  impulses 
corresponding  in  locations  and  magnitudes  to  the  local  maxima  in  each 
specklegram  is  generated  and  used  to  obtain  an  average  speckle  by 
means  of  a  Wiener-type  filter  deconvolution  procedure.  This  technique 
yields  diffraction-limited  images  that  appear  to  be  self-calibrating  for  see¬ 
ing  effects.  Realistic  point  spread  functions  have  been  obtained  for  a 
number  of  telescopes  at  different  wavelengths,  and  results  are  also  pre¬ 
sented  for  the  resolved  red  supergiant  Alpha  Orionis.  The  limiting  signal- 
to-noise  ratio  of  the  technique  as  indicated  by  the  results  presented  here 
suggests  a  dynamic  range  of  =6  stellar  magnitudes,  with  no  evidence  of 
residual  seeing  effects.  A  matched  filter  technique  is  demonstrated  for  use 
in  locating  the  speckles  of  complicated  objects  or  for  objects  dominated 
by  photon  noise. 
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1.  INTRODUCTION 

The  shift-and-add  techniques  of  image  reconstruction  were 
first  suggested  by  Bates  and  Cady1  and  Lynds,  Worden,  and 
Harvey.  These  techniques  make  use  of  the  observation  that 
an  individual  speckle  is  a  highly  distorted  version  of  the 
diffraction-limited  image.  Thus,  the  average  over  the  speck¬ 
les  yields  an  estimate  of  the  true  image.  For  the  Bates  and 
Cady  approach  (hereafter  referred  to  as  SAA),  the  brightest 

Invited  Paper  ST -110  received  Nov  5.  1985,  revised  manuscript  received 
Jan  28.  1986.  accepted  for  publication  March  27.  1986.  received  by  Manag¬ 
ing  Editor  March  31 .  1986  This  paper  is  a  revision  of  Paper  556-36  which 
was  presented  at  the  SPIE  International  Conference  on  Speckle.  Aug  20-23. 
1985.  San  Diego.  Calif  The  paper  presented  there  appears  lunretcreed)  in 
SPIE  Proceedings  Vol  556. 
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pixel  in  a  specklegram  is  located,  and  the  specklegram  is 
shifted  to  place  this  pixel  at  the  frame  center,  where  it  is 
co-added  with  other  shifted  specklegrams  to  give  the  SAA 
image.  This  result  consists  of  the  estimate  of  the  diffraction- 
limited  image  superimposed  upon  a  seeing-dependeni  back¬ 
ground  produced  from  co-adding  the  remainder  of  the  speck¬ 
legrams.  For  the  Lynds,  Worden,  and  Harve>  analysts  (re¬ 
ferred  to  as  LWH).  the  final  result  is  obtained  by  using  the 
brighter  speckles  (typically  -  I  Oft)  in  the  specklegram  An 
impulse  distribution  consisting  of  unit  amplitude  delta  func¬ 
tions  is  obtained  from  the  local  maxima  representing  these 
brighter  speckles.  This  is  then  cross-correlated  with  the 
specklegram.  which  has  the  effect  of  shifting  each  of  the 
bright  speckles  to  the  frame  center  and  superimposing  them 
The  final  image,  like  that  of  the  SAA  technique,  consists  of  an 
estimate  of  the  true  image  superimposed  upon  the  seeing- 
produced  background. 

Both  the  SAA  and  LWH  techniques  yield  results  that  are 
seeing  dependent.  Thus,  the  extraction  of  the  diffraction- 
limited  image  is  dependent  upon  the  seeing  conditions  When 
the  object  size  is  close  to  the  size  of  the  seeing  disk  or  has 
extended  low  power  surrounding  a  brighter  center,  the  pres¬ 
ence  of  the  background  makes  ti  difficult  to  extract  the  com¬ 
plete  image.  A  technique  thai  is  self-calibrating  tor  the  seeing 
is  therefore  preferable. 
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The  technique  we  use  was  discussed  in  an  earlier  paper . ' 
The  present  paper  emphasizes  the  signal-to-noise  measure¬ 
ments.  the  effects  of  seeing  variability,  and  the  implementa¬ 
tion  of  a  matched  tilter  analysis  to  locate  the  speckles  for 
objects  that  have  more  than  one  local  maximum  <  which  other¬ 
wise  would  be  multiply  detected).  The  matched  filter  ap¬ 
proach  may  also  be  used  for  objects  where  the  speckle  loca¬ 
tion  is  poorly  determined  due  to  the  availability  of  only  a  few 
photons  per  speckle 


2.  WEIGHTED  SHIFT-AND-ADD  TECHNIQUE 

The  weighted  shift-and-add  technique  is  a  logical  extension  to 
that  of  LWH.  but  instead  of  using  just  the  brightest  speckles, 
we  generate  an  impulse  distribution  from  all  of  the  local 
maxima  in  the  specklegram  above  a  background  noise  level. 
Each  impulse  is  weighted  by  the  amplitude  of  the  correspond¬ 
ing  local  maximum.  For  a  noise-free  case,  a  specklegram  can 
be  considered  to  be  the  convolution  of  the  diffraction-limited 
image  with  an  infinite  set  of  weighted  delta  functions  repre¬ 
senting  the  random  amplitudes  and  phases  of  the  perturbations 
of  the  incoming  complex  wavefront  due  to  the  refractive 
index  variations  (caused  by  turbulence)  in  the  atmosphere. 

We  assume  that  the  specklegram  nr)  can  be  approximated 
as 


i*rt  =  Ojiri 


impin  . 


(1) 


where  impir)  is  the  (finite)  set  of  weighted  delta  functions 
obtained  as  described  above,  odtr)  is  the  diffraction-limited 
image  given  by  the  convolution  of  the  object  distribution  otr) 
with  the  telescope  point  spread  function  ptr).  r  defines  the 
two-dimensional  image  space,  and  8>  denotes  convolution. 

If  Eq.  ( 1 )  is  assumed  to  be  a  reasonable  representation  of  a 
specklegram.  then  an  estimate  of  the  diffraction-limited  im¬ 
age  can  be  obtained  by  inverting  the  equation  when  the  im¬ 
pulse  distribution  is  known.  However,  a  simple  deconvolu¬ 
tion,  which  is  a  complex  quotient  in  Fourier  space,  suffers 
from  problems  caused  by  zero  or  small  number  divisions. 
Thus,  we  have  implemented  a  weighted  deconvolution  pro¬ 
cedure  that,  because  of  the  effects  of  noise  bias,  is  similar  in 
form  to  that  of  Wiener  filtering.  Denoting  the  Fourier  trans¬ 
form  by  the  upper  case,  i.e.,  FT f i i r ) |  =  1(f),  the  complex 
quotient  can  be  written  as 


2  |I„(fVImpntn]W„(f) 


Odif) 


X  wn(f> 


(2) 


where  f  is  the  spatial  frequency  domain  corresponding  to  r,  n 
identifies  the  nth  specklegram.  and  Wn(f)  is  its  weighting 
function.  This  weighting  function  was  chosen  to  be  the  power 
spectrum  of  the  impulse  distribution,  i.e. .  W„if)  =  lmpn(0  2 
Substituting  this  into  Eq.  (2)  then  gives 


y  Lifilmpivf 
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where  *  denotes  the  complex  -I'niuc-itc  The  numerator  is 
now  the  cross  spectrum  be* ween  ’he  specklegram  and  the 
impulse  distribution  There  is  <>niy  one  .omplex  division. 
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performed  after  accumulating  the  sums  in  the  numerator  and 
the  denominator.  The  latter  contains  a  bias  term  due  to  Pois¬ 
son  statistics'  and  is  nonzero  at  all  spatial  frequencies,  thus 
removing  the  effects  of  the  zero  and  small  number  divisions 
and  acting,  in  effect,  as  a  Wiener  tilter. 

The  Fourier  transform  of  the  numerator  is  the  cross-correla¬ 
tion  of  the  specklegram  with  the  impulse  distribution  and 
therefore  represents  a  slightly  modified  LWH  image,  which 
we  call  the  weighted  shift-and-add  with  cross-correlation 
(WSA/XC)  image.  Thus,  our  final  result  is  the  weighted  de- 
convolution  of  the  WSA/XC  image  with  the  averaged  power 
spectrum  of  the  impulses.  It  is  this  weighting  term  that  re¬ 
moves  (or  minimizes)  the  seeing  background  usually  found  in 
SAA  and  LWH  images.  Because  of  this  process,  we  label  this 
technique  WSA/WD,  where  WD  stands  for  the  weighted  de- 
convolution. 


3.  MEASUREMENTS 


When  applied  to  real  data,  the  local  maxima  in  each  speckle¬ 
gram  do  not  necessarily  represent  the  positions  and  ampli¬ 
tudes  of  the  noise-tree  speckles.  In  fact,  each  specklegram  is 
contaminated  by  Poisson  noise  so  that  the  images  produced  by 
the  shift-and-add  techniques  contain  a  photon  ‘spike--  at  the 
image  center.  Before  interpreting  the  final  result,  it  is  there¬ 
fore  important  to  remove  this  spike.  In  the  Fourier  plane  the 
spike  transforms  into  a  noise  bias  that  is  colored  by  the  detec¬ 
tor  response  (detector  transfer  function)  and  has  nonzero 
power  beyond  the  telescope  diffraction  limit.5  This  estimate 
of  the  object  transform  can  be  written  as 


Od(f)  =  (Od(f)  -  N]D(f)  . 


(4) 


where  Od(fj  is  the  bias-free  object  transform.  N  is  the  fre¬ 
quency-independent  noise  bias,  and  Dtf)  is  the  detector  trans¬ 
fer  function.  The  bias-free  result  is  obtained  by  first  fitting  a 
Gaussian  (which  is  a  good  first-order  approximation5)  to  the 
factor  D(f)N  for  frequencies  greater  than  the  diffraction  limit 
and  then  dividing,  followed  by  the  subtraction  of  unity  at 
all  frequencies.  The  result  is  the  required  bias-free  object 
transform  divided  by  the  frequency-independent  factor  N.  If 
the  speckles  are  relatively  small  (i.e.,  a  few  pixels  wide),  then 
the  Poisson  noise  will  have  little  effect  upon  locating  the 
speckle  position  because  the  photon  event,  spread  over  a 
splotch  of  diameter  -2  pixels  with  our  detector,5  acts  as  a 
low-pass  filter.  It  has  been  previously  noted6  that  a  shift-and- 
add  image  is  object  dependent  and  is  the  convolution  of  the 
diffraction-limited  image  with  an  object-dependent  point 
spread  function  for  the  reduction  process.  This  latter  term 
reflects  the  accuracy  with  which  the  speckle  maxima  can  be 
located.  For  low  contrast  objects  much  larger  than  the  detec¬ 
tor  response,  the  uncertainty  in  the  locations  of  the  speckle 
maxima  due  to  the  additive  Poisson  noise  blurs  the  final 
image  Thus,  the  Poisson  noise  can  affect  the  shift-and-add 
images  in  two  ways,  (1)  by  adding  a  (detector-colored)  noise 
spike  to  the  image  amplitude  and  (2)  by  blurrtng  the  final 
image  due  :o  the  errors  in  the  detection  of  the  speckle  max¬ 
ima.  For  the  results  presented  here,  the  objects  have  been 
chosen  to  be  relatively  small  (or  diffraction  limited)  with  a 
FWHM  on  the  order  of  two  to  three  times  the  detector  re¬ 
sponse.  Thus,  the  blurring  due  to  uncertainty  in  the  location 
of  the  speckles  is  minimal. 

We  have  reduced  a  number  of  sets  of  data  of  the  unresolved 
star  Gamma  Orionis  and  the  resolved  supergiant  Alpha 
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Fig.  1.  Azimuthally  averaged  WSA/WD  redial  profile*  of  Gamma 
Orionis  (1)  with  and  (2)  without  the  photon  spike. 


Fig.  2.  Azimuthally  averaged  radial  profiles  of  Gamma  Orionis,  (1) 
WSA/XC  and  (2)  WSA/WD,  both  spike  corrected. 


Orionis.  These  data  were  taken  with  the  Kitt  Peak  National 
Observatory  (KPNO)  4  m  telescope  on  Feb.  2.  1981 .  Figure  1 
shows  the  azimuthally  averaged  radial  profiles  of  the 
WSA/WD  image  of  Gamma  Orionis  at  a  wavelength  of  650 
nm  and  a  bandpass  of  2  nm  both  with  and  without  the  photon 
spike.  As  can  be  seen,  the  image  is  approximately  twice  the 
width  of  the  photon  spike,  thus  minimizing  the  object  depen¬ 
dency  discussed  above.  This  oversampling  of  the  diffraction 
limit  is  in  fact  required  in  order  to  separate  the  resolved  signal 
and  the  noise  bias  as  two  distinct  components.  Figure  2  shows 
the  final  WSA/WD  and  WSA/XC  images.  Note  that  the 
seeing-produced  background,  which  is  clearly  visible  in  the 
WSA/XC  image,  is  reduced  to  a  flat  zero  background  in  the 
WSA/WD  image. 

It  is  important  for  any  image  reconstruction  or  image  recov¬ 
ery  algorithm  that  a  realistic  point  spread  function  be  pro¬ 
duced  when  an  unresolved  object  is  observed.  Figures  3(a) 
through  3(c)  show  the  azimuthally  averaged  WSA/WD  radial 
profiles  for  Gamma  Orionis  compared  to  the  computed  tele¬ 
scope  point  spread  functions  (using  a  3.8  m  aperture  with  an 
obscuration  ratio  of  0.3).  Three  different  bandpasses  were 
analyzed:  (a)  650/2  nm.  (b)  656.3/0.3  nm.  and  (c)  850/10  nm. 
As  can  be  seen,  there  is  good  agreement  between  the  models 
and  the  images,  especially  for  (a)  and  (c).  The  widths  of  the 
central  maxima  and  positions  and  amplitudes  of  the  secondary- 
maxima  compare  favorably  The  narrowband  interference 
filter  used  for  (b )  appears  to  produce  a  blurring  (defocusing) 
by  comparison  to  the  other  data  sets. 

Figures  3(d)  through  3(f)  compare  the  azimuthally  averaged 
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Fig.  3.  Azimuthally  averaged  WSA/WD  radial  profiles  of  the  un¬ 
resolved  star  Gamma  Orionis  compared  with  (a)  -  (c)  3.8  m  Airy 
patterns  and  (d)  -  (f)  the  resolved  star  Alpha  Orionis  for  three 
wavelengths. 


radial  profiles  for  Gamma  Orionis  with  the  resolved  star 
Alpha  Orionis  for  the  same  three  bandpasses:  (d)  650/2  nm. 
(e)  656.3/0.3  nm.  and  (f)  850' 1 0  nm.  For  (d)  and  (e)  Alpha 
Orionis  is  c'early  resolved  compared  to  the  measured  point 
spread  function.  For  (f)  the  disk  of  the  star  can  be  seen  to  be 
just  resolved,  and  the  secondary  maximum  is  becoming  visi¬ 
ble.  At  850  nm  the  diffraction  limit  of  a  3.8  m  aperture 
corresponds  to  46  milliarcsec.  whereas  the  value  for  the  di¬ 
ameter  of  Alpha  Orionis.  obtained  from  extensive  analysis  of 
conventional  autocorrelation  function  and  power  spectrum 
reductions,5  is  approximately  42  milliarcsec.7  This  profile 
shows  the  presence  of  an  extended  envelope  around  the  star 
out  to  a  radius  of  300  milliarcsec.  which  has  also  been  implied 
from  several  other  measurements  using  a  number  of  related 
techniques  including  differential  speckle  interferometry.8 

A  data  set  of  Gamma  Orionis  specklegrams  taken  with  the 
fully  phased  Multiple  Mirror  Telescope  (MMT)9  at  a  band¬ 
pass  of  656.30/0. 13  nm  has  also  been  reduced  with  this  tech¬ 
nique.  Figure  4  shows  the  final  image.  The  FWHM  of  the 
central  lobe  is  consistent  with  that  of  an  Airy  disk  for  a  6.9  m 
aperture  at  the  same  wavelength  (-20  milliarcsec).  The 
sixfold  symmetry  of  the  point  spread  function  is  seen,  but  its 
nonuniform  appearance  indicates  imperfect  phasing.9 

4.  SIGNAL-TO-NOISE  MEASUREMENTS 

To  evaluate  the  ability  of  this  technique  to  recover  low  power 
information,  we  performed  a  series  of  measurements  to  show 
how  the  background  of  the  WSA/WD  image  relates  to  the 
number  of  specklegrams  processed.  Figures  5(a)  through  5(e) 
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Fig.  4.  WSA/WD  image  of  Gamma  Ononis  showing  the  point  spread 
function  of  the  fully  phased  Multiple  Mirror  Telescope. 


show  contour  plots  of  images  of  Gamma  Orionis  at  650/2  nm 
for  (a)  4.  (b)  16.  ic)  64.  (d)  256.  and  ( e)  1024  specklegrams. 
There  are  25  contour  levels  at  29c  intervals  starting  from  a 
minimum  of  1%  to  a  maximum  at  the  half-power  point.  Each 
image  is  composed  of  128x  128  pixels  with  an  image  scale  of 
7.22  milliarcsec/pixel.  For  only  four  specklegrams  the  central 
maximum  is  clearly  visible,  and  the  first  Airy  ring  is  begin¬ 
ning  to  appear  above  the  noise.  The  background  is  flat  but 
noisy  to  a  5 9c  level.  As  the  number  of  specklegrams  is  qua¬ 
drupled.  the  noise  level  decreases  by  the  expected  factor  of  2. 
The  final  image  of  1024  specklegrams.  Fig.  5(e),  shows  no 
background  at  the  1 9c  level  for  radii  greater  than  the  second 
Airy  ring  <~30  pixels).  The  first  ring  is  now  clearly  com¬ 
plete  but  lumpy.  All  of  our  observations  show  this  same 
effect,  and  we  conclude  this  to  be  caused  by  aberrations 
within  our  own  optical  system.  A  somewhat  noisy  second 
Airy  ring  is  also  visible.  The  vertical  stripes  at  the  1 9c  level 
are  caused  by  clocks  related  to  the  video  and  digitization 
process. 

The  rms  noise  for  pixels  greater  than  the  second  Airy  ring 
(>  30  pixels  =  200  milliarcsec)  was  computed  for  images 
composed  of  2,  4,  8,  16,  32,  64,  128,  256.  512,  1024,  and 
1616  specklegrams.  These  values  are  shown  plotted  on  a 
log-log  scale  in  Fig. 5(f).  There  is  a  linear  relationship  (on  a 
log  scale)  between  the  rms  noise  and  the  number  of  speckle¬ 
grams  N  up  to  256  specklegrams.  A  power  law  of  -0.5 
plotted  through  these  points  shows  the  expected  square  root 
behavior.  However,  for  larger  numbers  of  specklegrams  this 
behavior  begins  to  flatten  out.  showing  the  limitations  im¬ 
posed  on  the  data  due  to  the  instrumentation,  e.g..  the  clock 
systematises  seen  in  Fig.  5(ei.  We  define  a  S/N  measurement 
as  the  quotient  of  this  rms  noise  to  the  image  maximum.  This 
S'N  saturation  level  has  a  value  of  200,  indicating  a 
limiting  dynamic  range  for  this  data  set  of  6  magnitudes. 


Fig.  5.  WSA/WD  images  of  Gamma  Orionis  for  (a)  4,  (b)  16.  (c)  64, 
Id)  256,  and  (e)  1024  specklegrams.  (f)  rms  noise  for  radii  >  30 
pixels  vs  number  of  specklegrams.  The  solid  line  is  a  power  law  of 
-0.5. 


A  recently  discovered10  secondary  of  Gamma  Orionis  is  out¬ 
side  our  field  of  view. 

5.  EFFECTS  OF  SEEING  ON  WSA/WD  IMAGES 

The  results  presented  in  the  previous  sections  show  that  the 
WSA/WD  image  has  a  flat  background  at  the  1%  level,  unlike 
the  SAA  and  LWH  images.  This  implies  that  the  image  is 
corrected  for  seeing  at  this  level.  To  investigate  any  residual 
seeing  effect  we  rereduced  the  same  4  m  data  set  of  Gamma 
Orionis,  but  this  time  the  specklegrams  were  selected  for 
different  seeing  bins.11  This  was  done  by  computing  the 
width  of  each  speckle  cloud  by  means  of  the  second-order 
moment  about  the  centroid  to  give  an  instantaneous  estimate 
of  the  Fried  seeing  parameter  rQ,  which  we  designate  as  re. 
Table  I  shows  the  histogram  of  the  seeing  estimate  for  the  data 
set  after  low  power  and  poorly  guided  specklegrams  have 
been  eliminated.  The  data  were  sorted  into  seeing  bins  of  2  cm 
incremental  width.  This  histogram  also  shows  the  (fortu¬ 
itously)  good  seeing  during  this  observing  run. 

The  rms  difference  between  the  images  for  each  seeing  bin 
compared  to  the  best  seeing  bin.  in  this  case  re  =  34  to  35  cm, 
was  computed.  For  all  cases  it  was  found  that  the  rms  differ- 
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TABLE  I.  Histogram  of  tho  Instantaneous  Sssing  Estimate  r.  for  the 
Feb.  2, 1981.  4  m  Gamma  Orionis  Data 


Seeing  estimate 
r.  (cm) 


No.  of  frames 


24-25 
26-  27 
28-  29 
30-31 
32-33 
34-35 
36-37 


5 

195 

486 

435 

331 

83 

2 


ence  was  less  than  1%  of  the  maximum  of  the  central  peak, 
suggesting  that  all  observations  were  limited  by  the  instru¬ 
mental  system  and  not  by  the  seeing.  There  was  a  tendency 
for  the  difference  to  get  larger  when  the  seeing  difference 
increased,  but  this  was  at  the  0.05%  level  and  is  not  consid¬ 
ered  to  be  significant  because  of  the  0.5%  systematic  noise  in 
the  images.  A  similar  investigation  for  the  Alpha  Orionis 
images  also  showed  rms  differences  of  <1%  over  a  10  cm 
range  of  re. 

Contour  plots  of  80-specklegram  reductions  of  Gamma 
Orionis  for  the  26  to  28  cm  bin  and  the  34  to  36  cm  bin  are 
shown  in  Figs.  6(a)  and  6(b),  respectively.  The  contour  levels 
are  the  same  as  for  Figs.  5(a)  through  5(e).  The  better  seeing 
shows  a  tighter  peak  at  the  1%  level,  but  from  the  3%  contour 
up,  the  two  images  are  practically  identical.  Figure  6(c) 
shows  the  spatial  uniformity  of  the  difference  between  these 
two  images.  The  rms  value  of  this  difference  is  —0.5%,  with 
the  extremes  approaching  1%.  As  can  be  seen,  this  difference 
is  essentially  constant,  with  a  slight  increase  for  radii  <30 
pixels  (<210  milliarcsec).  The  greatest  discrepancies  are 
found  at  the  image  center.  These  result  from  an  artifact  of  the 
videotape  recorder  undershoot  downline  of  a  bright  pixel.  The 
better  seeing  data  have  brighter  speckles  and  therefore  will 
tend  to  have  more  of  an  undershoot,  which  shows  up  as  the 
1  %  difference  level  near  the  center  of  the  figure 


6.  LOCATING  SPECKLES  USING  A  MATCHED 
FILTER  TECHNIQUE 

The  results  presented  in  the  earlier  sections  were  for  relatively 
simple  objects.  The  specklegrams  for  both  Alpha  Orionis  and 
Gamma  Orionis  have  many  photons  and  have  single  max¬ 
imum  speckles  that  are  only  a  few  pixels  in  width.  Thus,  the 
maxima  in  specklegrams  are  relatively  easy  to  locate.  How¬ 
ever,  such  objects  are  not  the  only  ones  of  interest,  and  the 
ability  to  extend  this  imaging  technique  to  more  complicated 
and  fainter  object  distributions  is  desirable  The  simplest 
example  of  a  more  complicated  object  is  the  binary  star  Alpha 
Auriga  (Capella),  which  has  two  components  of  nearly  equal 
magnitude.  The  speckles  for  Capella  show  two  maxima,  cor¬ 
responding  to  each  of  the  components.  When  standard  SAA 
techniques  are  applied,  the  local-maximum-finding  algorithm 
locates  both  maxima  and  shifts  on  these,  thereby  producing 
"ghosts”  in  the  final  image.  These  ghosts  may  be  avoided  by 
using  a  matched  filter  speckle-finding  algorithm  that  locates 
only  a  single  speckle  maximum,  thereby  producing  a  more 
realistic  image.  The  matched  filter  approach  may  be  used 
since  the  required  a  priori  knowledge  of  the  object  can  be 
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Fig.  6.  WSA/WD  images  of  Gamma  Orionis  for  80  specklegrams 
with  (a)  r.  =  26  to  28  cm  and  (b)  r.  =  34  to  36  cm.  (c)  Difference 
between  (a)  and  (b). 


obtained  from  the  results  of  standard  power  spectrum/autocor¬ 
relation  analysis.  A  Gaussian  slightly  wider  than  the  object 
may  also  be  used  as  an  initial  estimate  for  the  matched  filter. 

The  initial  estimate  of  the  matched  filter,  however  ob¬ 
tained,  is  correlated  with  the  specklegram  to  obtain  a  filtered 
specklegram.  The  peaks  of  this  filtered  specklegram  should 
represent  the  speckle  locations,  since  these  represent  the  posi¬ 
tions  of  greatest  correlation  of  the  filter  with  the  specklegram. 
However,  due  to  the  range  of  intensities  of  the  speckles  within 
a  specklegram,  there  is  a  problem  in  determining  which  peaks 
of  the  filtered  specklegram  represent  the  speckles  and  which 
are  partial  correlations  or  noise.  A  highly  smoothed  speckle¬ 
gram  obtained  by  convolving  with  a  low-pass  filter  is  used  as 
a  threshold  criterion  to  distinguish  true  speckle  locations  from 
noise  and  ghost  locations.  A  speckle  location  is  defined  w  hen 
the  peaks  in  the  matched  filtered  specklegram  have  a  greater 
amplitude  than  do  the  corresponding  locations  in  the 
smoothed  specklegram.  Thus,  a  matched  filler  impulse  dis¬ 
tribution  is  obtained,  and  the  WSA/WD  analysis  described 
above  is  used  to  obtain  the  image.  The  technique  can  be 
further  improved  by  iteration.  By  using  the  result  from  ap¬ 
proximately  1000  delected  speckles  to  update  the  matched 
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<«>  (b) 


Pig.  7.  WSA/WD  with  matched  filter  reductions  for  Capella.  (a)  Final 
image  showing  the  two  strong  components,  (b)  Impulse  power 
spectrum  showing  residue  fringes,  indicating  that  not  all  speckles 
were  located  with  a  single  maximum. 


filter  estimate,  a  very  crude  initial  estimate  of  the  filter  was 
shown  to  converge  to  the  mean  speckle.  A  more  detailed 
discussion  of  this  matched  filter  analysis  is  given  by  Ribak 
et  al. 12 

Figure  7  shows  the  results  of  the  matched  filter  WSA/WD 
as  applied  to  approximately  1000  specklegrams  of  Capella. 
The  data  were  obtained  with  the  K.PNO  4  m  telescope  during 
the  same  observing  run  as  for  the  Alpha  Ononis  and  Gamma 
Ononis  data.  The  observing  bandpass  was  10  nm  centered  on 
550  nm.  Figure  7(a)  shows  the  final  result,  easily  revealing  a 
double-peaked  object.  Although  there  is  some  evidence  of 
ghosting  at  the  20%  level,  this  represents  a  dramatic  improve¬ 
ment  over  the  screened  shift-and-add  method  proposed  by 
Bagnuolo.13  which  was  applied  to  this  same  data  set.  The 
power  spectrum  of  the  impulse  distribution  in  Fig.  7(b)  shows 
residue  fringes  at  a  0.5%  level  of  the  peak  due  to  the  occa¬ 
sional  double  peak  detection  of  some  of  the  speckles.  The 
final  result  yields  an  intensity  ratio  for  the  two  components  of 
approximately  90%,  which  is  commensurate  with  other  re¬ 
sults. 14 

There  are  some  deficiencies  with  the  current  implementa¬ 
tion  of  the  matched  filter  algorithm  The  first  is  that  for  ex¬ 
tended  objects,  too  few  low  power  speckles  are  found  so  that 
the  impulse  distribution  does  not  completely  sample  the 
speckle  cloud  (and  therefore  the  seeing)  The  second  is  for 
double  f  multiple i  peaked  objects,  e  g. ,  Capella.  where  some 
double-peaked  speckles  are  located  The  algorithm  is  cur¬ 
rently  undergoing  modification  to  remedy  thcie  drawbacks. 


7.  CONCLUSIONS 


We  have  presented  a  study  of  the  performance  of  a  weighted 
shift-and-add  algorithm  with  seeing  deconvolution  for  use 
with  astronomical  speckle  interferometric  data  and  nave  dem¬ 
onstrated  its  ability  to  produce  diffraction-limited  images.  It 
appears  to  be  self-calibrating  for  seeing  effects  with  a  dy¬ 
namic  range  of  up  to  6  magnitudes  ( subject  to  present  digitizer 
systematicsi  when  applied  to  a  data  set  of  Gamma  Ononis 
For  the  case  when  the  FWHM  ot  the  oojeu  is  a  few  times 
greater  than  the  detector  point  >pread  (unction,  we  have  been 
able  to  obtain  realist,,,  telescope  point  spread  functions  for  an 
obscured  single  mirror  lie.  the  KPNO  4  mi  and  a  phased 
optical  arrav  '  b  '>  m  MMTi  A  re  Mils  uric  stellar  disk  has  been 
measured  tor  \lphj  Ononis  Prcliminars  measurements  of 


this  disk  are  in  good  agreement  with  power  spectral  determi¬ 
nations  for  the  same  data  set  and  also  for  other  data.7-4  Appli¬ 
cation  of  a  matched  filter  speckle-locating  algorithm  has  suc¬ 
cessfully  recovered  an  image  for  the  binary  star  Capella  that 
avoids  the  strong  ghosts  typically  found  in  SAA  reductions. 1 J 

Limitations  to  the  direct  use  of  this  algorithm,  and  shift- 
and-add  algorithms  in  general,  exist.  The  first  is  the  difficulty 
of  detecting  the  correct  speckle  maxima.  As  discussed  earlier, 
the  detection  of  a  local  maximum  can  be  easily  affected  by  the 
presence  of  Poisson  noise  in  the  specklegram  and  can  produce 
a  blurred  image6  when  the  object,  and  therefore  its  speckles, 
is  significantly  wider  than  the  detector  response.  The  second 
limitation  is  the  difficulty  of  recovering  a  diffraction-limited 
image  of  an  object  with  multiple  maxima  where  no  one  max¬ 
imum  dominates.  The  simplest  example  of  this  is  a  binary  star 
with  two  unresolved  components.  These  algorithms  produce 
ghosts  because  of  the  duplicity  of  the  speckles,  tending  to 
mimic  autocorrelation  functions  when  the  two  components 
have  comparable  brightnesses.  We  have  demonstrated  that  a 
matched  filter  approach  yields  improved  speckle  locations  and 
also  reduces  the  problems  associated  with  the  locations  of 
peaks  dominated  by  Poisson  noise. 

Although  the  data  presented  here  are  for  bright  objects 
where  the  speckles  are  easily  identifiable,  we  have  evidence 
that  our  matched  filter  analysis12  helps  identify  speckles  in  the 
photon-limited  domain,  where  a  simple  local-maximum¬ 
finding  algorithm  is  inadequate.  This  extends  this  imaging 
technique  to  much  fainter  objects  (mv  >  8)  such  as  galactic 
nuclei  and  quasi-stellar  objects  as  well  as  asteroids  and  other 
faint  solar  system  objects. 

The  underlying  assumption  of  all  shift-and-add  techniques 
is  that  speckles  are  highly  distorted  diffraction-limited  im¬ 
ages.  For  objects  much  smaller  than  the  seeing  disk  this  can 
be  considered  a  reasonable  approximation,  as  illustrated  by 
the  results  presented  here.  This  approximation,  however,  is 
empirical,  and  further  statistical  analysis  about  the  formation 
of  specklegrams  is  needed  to  validate  this  assumption.  A 
preliminary  statistical  analysis  of  the  WSA  technique  is  dis¬ 
cussed  by  Freeman  et  al. 15 
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Toward  solving  the  lost  photon  problem  in  image  intensifiers 


R.  H.  Cromwell 


Steward  Observatory,  University  of  Arizona 
Tucson,  Arizona  85721 


Abstract 


A  summary  is  given  of  measurements  of  the  pnotoe lectron  counting  efficiency  of  a  variety 
of  image  intensifiers  manufactured  by  several  different  manufacturers.  With  one  exception, 
the  counting  efficiency  is  disappointingly  low.  Typically  only  slightly  over  half  of  the 
phctoelectrons  from  the  first  on o to cathode  produce  a  detectable  signal  on  the  output 
phosphor  screen  m  most  diode- type  intensifiers.  For  microchannel  plate  intensifiers,  the 
counting  efficiency  is  even  less.  Results  are  given  of  experiments  intended  to  produce 
d. ode-type  intensifiers  having  improved  counting  efficiency.  Improvements  have  been 
achieved  throuor.  refinements  m  the  manufacturing  steps  of  the  phosphor  screen,  the  tuce 
component  identified  as  responsible  for  the  lost  photoe 1 ectron  pulses  in  diode-type  tubes. 
The  oest  tubes  sc  far  nave  counting  efficiencies  of  ~'2%,  which  represent  an  improvement  by 
a  factor  of  a  b  cut  !.■». 


.  ntrocuct i on 


We  have  discovered  in  the  past  few  years  that  many  of  the  image  intensifier  svstems 
used  as  primary  detectors  in  astronomical  instruments  fail  to  record  nearly  half  of  the 
photoelectrons  released  from  their  photoca  thodes.  ' 2 '  *  The  reason  for  this  is  that  many- 
first  stage  pno t oe 1 ec t r c n s  released  in  an  image  intensifier  simply  fail  to  produce  any 
measurable  light  pulse  whatsoever  when  they  strike  the  first  phosphor  screen.  The 
following  is  a  summary  of  our  measurements  of  the  “photoelectron  counting  efficiency"  of  a 
numoer  of  high  quality  image  intensifiers  used  in  low  light  level  astronomical 
applications.  We  also  summarize  our  progress  toward  solving  the  "lost  photon  problem",  or 
low  photoelectron  counting  efficiency,  that  exists  in  most  image  intensifiers.  This  work 
is  being  carried  out  jointly  with  the  manufacturer  Proxitronic  in  an  ongoing  collaboration 
witn  Steward  Observatory  to  develop  a  proximity  focused  image  intensifier  for  astronomy. 


Counting  efficiency  of  several  intensifiers 


Taole  1  summarizes  our  measurements  of  the  photoelectron  counting  efficiency,  or  simply 
"counting  efficiency",  of  a  number  of  image  intensifiers.  The  various  measurement 
techniques  have  been  described  elsewhere.1'2  Most  of  the  results,  and  all  of  the  results 
listed  as  "new"  in  Table  1,  have  been  obtained  using  the  Steward  Observatory  analog 


intensified  Reticon  system  operated  in  a  pulse  counting  mode  to  determine  the  pulse  height 
distribution  and  counting  efficiency.  The  pulse  height  distributions  (PHDs)  measured  for 


aistrioution  and  counting  efficiency.  The  pulse  height  distributions  (PHDs)  measured  for 
several  of  the  intensifiers  are  shown  in  Figures  1,  2  and  3.  The  counting  efficiencies 
given  in  Table  1  and  the  figures  are  slightly  revised  from  values  given  in  earlier 
publications,  and  are  more  accurate  owing  to  recalibration  of  test  apparatus. 


with  the  single  notable  exception  of  the  Varo  electrostatically  focused  diode  (serial 
no.  15777),  all  other  tubes  listed  in  Table  1  have  a  disappointingly  low  counting 
efficiency.  Indeed,  all  of  the  candidates  for  application  as  a  primary  astronomical 
detector  in  the  blue  and  uv  spectral  region  have  counting  efficiencies  in  the  range  of  only 
53  to  64  % .  These  include  the  magnet l c a i  .  y  focused  tubes  manufactured  by  EMI,  ITT  and  RCA, 
and  the  standard  production  proximity  focused  tubes  manufactured  by  Proxitronic.  As  will 
be  discussed  later,  some  of  the  Proxitronic  tubes  with  experimental  P-20  pnosphor  screens 
are  showing  improved  counting  efficiency. 


The  90%  counting  efficiency  and  superior  PHD  shown  in  Figure  1  for  the  Varo  tube  no. 


15777  is  fairly  representative  of  at  least  five  different  samples  of  Varo  tubes.  Two  40  mm 
tubes  have  been  measured  by  us  and  three  25  mm  tubes  have  been  measured  by  Latham.  The 


tubes  have  been  measured  by  us  and  three  25  mm  tubes  have  been  measured  by  Latham.  ' 5  The 
Varo  tube  no.  28542  is  the  first  Varo  electrostatic  tube  we  have  found  that  exhibits  a 
rather  low  counting  efficiency  (61%). 


The  very  low  counting  efficiency  (about  33%)  measured  for  all  three  microchannel  plate 
intensifier  tubes  listed  in  Table  I  illustrates  the  reason  why  at  Steward  Observatory  we 
have  never  chosen  to  use  such  a  tuoe  as  a  first  stage  intensifier  in  an  instrument  package. 
However,  very  recently  other  researchers  have  reported  higher  counting  efficiency  figures 
for  devices  where  microcharnel  plates  were  used  as  a  first  stage  amplifier  (an  experimental 
resistive  anode  array  detector  manufactured  by  Instrument  Technology,  Ltd.  and  the  MAMA 


detector  of  Timothy's 


Subsequent  discussions  hsve  not  led  to  sn  explanation  of  the 


discrepancy  between  these  measurements  and  our  own.  To  understand  this  important 
discrepancy,  it  would  be  very  useful  to  repeat  measurements  of  the  microchannel  plate 
devices  in  question  in  our  laboratory  using  our  standard  test  procedure. 


Improving  the  phosphor  screens  ' 

A  "d 1  ode- type"  intensifier  usually  consists  of  a  single  photocathode  and  a  single 
phosphor  screen  anode,  with  no  intervening  gain  structure,  such  as  a  microchannel  plate. 
(A  variant  of  a  diode-type  intensifier  is  a  "cascade"  intensifier,  where  the  phosphor  of 
one  diode  is  sandwiched  to  the  photocathode  of  the  next,  forming  i  multistage  diode-type 
intensifier.)  To  study  the  problem  of  low  counting  efficiency  in  diode-type  intensif iers,  a 
number  of  experimental  proximity  focused  diode  image  tubes  have  been  constructed  by 
Proxitronic.  Each  sample  contains  a  phosphor  screen  that  has  been  made  utilizing  specific 
variances  from  the  standard  screen  manufacturing  process.  Each  sample  was  then  tested  for 
its  PHD,  counting  efficiency  and  its  overall  gain.  Results  are  beginning  to  be 
encouraging,  although  there  have  been  several  surprises  along  the  way. 

Coarse  grain  screens 


The  standard  Proxitronic  tubes  we  have  investigated  most  thoroughly  in  the  past  are  made 
with  ?-23  phosphor  screens  deposited  by  a  sedimentation  technique.  The  phosphor  powder  is 
supplied  by  Riedel  de  Haen  (the  same  phosphor  used  by  Varo),  and  normally  fine  grain 
particles  are  selected  by  columnar  separation.  By  examining  images  recorded  with  a 
scanning  electron  microscope,  we  find  that  the  grains  are  typically  0.5  to  3  microns  in 
diameter,  with  an  average  size  of  1  micron.  It  has  been  reported  by  G i akounak i s  et  al. 
and  others  that  larger  diameter  phosphor  grains  are  more  efficient,  and  we  therefore 
reasoned  that  larger  grains  might  possibly  also  show  higher  counting  efficiency  of  single 
electrons.  Samples  of  tubes  were  made  with  coarse  grain  screens  by  utilizing  the  larger 
grains  that  settle  out  first  from  the  phosphor  sedimentation  solution.  The  grain  diameters 
in  these  screens  range  from  1  to  4  microns,  with  an  average  of  1.5  microns. 

Our  first  tests  of  coarse  grain  tubes  showed  that  there  was  indeed  a  substantial 

improvement  in  the  overall  light  output,  or  "gain",  from  such  tubes,  but  that  the  counting 

efficiency  was,  in  fact,  degraded  (see  tube  C  in  Figures  2  and  4).  (A  description  of  how 

we  measure  gam  in  an  intensifier  is  given  in  reference  1.)  Thus,  photoelectron  pulses 

from  the  screen  were  bigger  in  amplitude,  but,  for  a  given  number  of  electrons  incident  on 
the  screen,  the  number  of  output  pulses  was  reduced.  We  shall  see  below,  that  when  the 
screens  are  not  subjected  to  electron  scrubbing,  then  there  is  no  longer  an  improvement  in 
gain  in  the  coarse  grain  screens  (for  example,  compare  tubes  E  and  G  in  Figure  4,  each  tube 
having  a  2X  thickness,  non-scrubbed  screen).  Moreover,  the  coarse  grain  screens  continue 
to  have  lower  counting  efficiency  (Figure  3).  We  conclude  from  these  tests  that  there 
isn’t  really  an  inherently  higher  efficiency  (ie,  light  output)  in  the  coarser  grains,  but 
rather  that  the  coarser  grains  are  simply  less  degraded  in  efficiency  than  finer  grains 
when  both  are  subjected  to  too  much  electron  scrubbing.  From  the  point  of  view  of  counting 
efficiency,  there  appears  to  be  no  advantage,  but  instead  a  disadvantage,  in  coarser 
grains. 

Screens  having  no  electron  scrubbing 

A  variety  of  arguments  have  led  us  to  suspect  that  there  simply  exist  completely 
deadened,  or  insensitive,  phosphor  grains  in  the  screen,  and  that  these  dead  grains  are 
responsible  for  the  lost  photoelectron  pulses.  Because  the  deadened  grains  may  be 
preferentially  located  on  the  impinging-e lectron  side  of  the  screen,  adjacent  to  the 
aluminum  coating  over  the  phosphor,  their  presence  would  go  largely  undetected  during  the 
manufacturing  process.  In  normal  production,  an  effort  is  made  to  rid  the  screens  of  any 
contamination  by  scrubbing  the  screens  with  10  kV  electrons  before  the  screens  are  placed 
in  the  final  intensifier.  The  current  density  during  this  process  is  much  higher  than  the 
screens  normally  experience  in  an  operating  intensifier.  Thus,  the  scrubbing  process 
appeared  to  be  a  possible  cause  of  dead  grains.  Samples  of  tubes  were  produced  with 
screens  receiving  no  electron  scrubbing  to  test  this  hypothesis  (for  example,  tubes  D,  E,  F 
and  G) . 

By  studying  the  results  illustrated  in  Figure  4  (plus  the  results  of  several  more  tubes 
not  shown),  we  conclude  that  the  gain  is  not  affected  very  much  by  electron  scrubbing  when 
the  screens  are  comprised  of  larger  grains,  but  that  the  gam  is  significantly  reduced  by 
electron  scrubbing  in  finer  grain  screens.  In  genera),  when  the  screens  are  not  scrubbed, 
both  the  fine  grain  and  coarse  gram  screens  have  comparable,  high  gam. 

There  is  no  clear  evidence  that  electron  scrubbing  has  an  adverse  effect  on  counting 
efficiency.  For  example,  neither  the  counting  efficiency  nor  the  shape  of  the  PHD  curve  of 
the  non-scrubbed  tube  0  was  measurably  improved  over  the  standard  tube  A.  The  pulses  are 
brighter  in  tube  0  compared  to  A,  commensurate  with  the  higher  gam,  but  the  counting 


efficiencies  are  virtually  identical.  (Note:  Figures  2  and  3  don't  reveal  the  fact  that 
the  pulses  are  brighter  in  D  than  in  A  because  of  the  way  in  which  the  data  have  been 
normalized  in  these  figures.  The  normalization  has  been  done  to  facilitate  comoarison  of 
the  relative  shapes  or  the  var.ous  PHDs.)  Nevertheless,  it  is  true  that  the  only  tubes  to 
show  marked  improvement  i n  counting  efficiency  contain  screens  that  were  not  electron 
scrubbed  (the  2x  thick  samples  E,  F  and  G,  discussed  below).  Clearly  more  study  needs  to 
be  carried  out  before  the  effects  of  electron  scrubbing  are  fully  understood. 

Thicker  screen  '.avers 

In  the  standard  production  t.bes  the  thickness  of  the  phosphor  sedimentation  layer  is 
selected  to  produce  a  hig.nly  uniform,  nearly  grainless,  output  light  from  the  phosphor 
screen.  The  layer  is  kept  as  thin  as  possible  to  maintain  hjgh  resolving  power. 
Typically,  the  screens  have  an  area  density  of  around  0.7  mg/cm  .  Inspection  of  the 
screens  with  a  high  power  optical  microscope  reveals  that  there  exist  voids,  which  are 
areas  completely  free  of  phosphor  particles,  in  the  screen  layer.  Clearly,  any  electron 
that  falls  in  such  a  void  will  create  no  output  pulse  from  the  screen.  Thus,  exper  i.menta  1 
screens  were  made  of  2X  and  4X  the  standard  thickness  in  an  attempt  to  reduce  the  area  of 
voids.  In  the  2\  screens,  no  electron  scrubbing  was  employed  in  order  to  achieve  the 
highest  possible  gam.  One  sample  was  also  baked  out  at  a  lower  temperature  ( 3  3  a 0  C )  th.3n 
normal  (425°C)  to  investigate  the  possibility  of  dead,  or  reduced  sensitivity  grains  due  to 
the  high  bakeout  temperature. 

Results  of  tests  of  one  intensifiers  with  2  X  thicker  screens  are  immediate,  y 
encouraging,  as  is  evident  m  the  figures  (tubes  E,  F  and  G).  Not  only  are  the  gains  very 
hign,  but  for  tn.e  first  time  we  see  a  significant  improvement  in  the  ?H3  and  count  i  no 
efficiency.  Trie  tune  F  with  the  screen  baked  out  at  a  lower  temperature  shows  even  mere 
improvement  in  gam.,  but  shows  no  significant  difference  in  counting  efficiency  from  the 
otherwise  identical  tube  E.  Thus,  it  appears  as  though  a  lower  bakeout  temperature  simply 
improves  the  light  output  from  the  screen,  but  apparently  does  not  revive  any  suspected 
dead  grains,  an  effect  that  closely  parallels  the  effect  of  electron  scrubbing. 

The  results  of  tests  of  the  4X  thicker  screen  tubes  H  and  I  are  somewhat  confusing. 
Although  the  phosphors  received  standard  electron  scrubbing  (by  mistake),  our  earlier 
results  suggest  tnat  the  only  effect  this  would  have  is  to  reduce  the  gain  of  the  tubes. 
Based  upon  a  reasonacle  set  of  extrapolations  of  the  results  of  the  earlier  tubes,  we  had 
expected  that  the  4X  tuoes  would  have  gains  at  least  somewhat  higher  than  the  standard  tube 
A  (they  don't),  would  most  likely  have  sharper  PHDs  than  the  2X  tubes  E  and  F  (they  don’t), 
and  would  certainly  have  higher  counting  efficiencies  than  the  2X  tubes  E  and  F  (they  don’t 
even  come  close;.  Clearly  there  needs  to  be  more  investigation  into  these  very  recent 
results. 

M,ore  -nterestjnq  recent  results 

A  decaying  phosoncr 

A  repeat  of  the  gam  and  mooting  efficiency  measurements  of  tube  F  some  15  months  after 
the  original  measirements  reveal  that  the  phosphor  screen  of  this  tube  has  decayed 
significantly.  Tne  gain  has  decreased  by  a  factor  0.90  and  the  counting  efficiency  has 
dropped  by  a  factor  0.76.  These  two  results  may  appear  discrepent  at  first,  but  are  in 
fact  commensurate  when  the  change  in  the  PHD  shape  is  taken  into  account:  The  recent  PHD 
of  the  tube  has  reiat.vely  suds t ant  la  1  1  y  fewer  small  amplitude  pulses  whereas  the  number  of 
the  largest  amplitude  pulses  remain  unchanged.  (In  Figure  2  this  is  best  represented  if 
the  FHD  of  ?'  is  simply  moved  to  -ne  rignt  by  a  scaling  factor  until  the  large  amplitude 
portion  of  the  curve  v.  F  and  ■  a  r  .  superposed.  To  maintain  the  proper  relationship,  the 
vertical  neiint  of  F '  must  simultaneously  be  divided  by  the  same  scaling  factor.)  The 
active  decay  of  this  pnospnor’  3  counting  efficiency  is  likely  to  be  a  very  important  clue 
as  to  the  cause  of  lost  counts.  lust  as  i  check  of  our  laboratory  technique,  a  repeat  was 
also  run  of  tne  PH*  a)  counting  eft iciencv  of  the  Varo  15777  tube,  originally  measured 
over  two  years  earl.er.  Tne  results  of  the  new  measurements  were  indistinguishable  from 
the  original  sc-..  This  g  i  •  es  .s  sided  :r'f .  .er.ee  that  tne  Van  tuoe  15777  is  stable,  and 
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The  results  shown  fur  the  Van  t  28r  t  1  are  highly  interesting.  First,  the  counting 
efficiency  of  th.s  rice  .s  sr  .sir  ?  1  y  low  com  pared  to  all  earlier  measurements  of  other 
Varo  samp.es.  >  -  m  J ,  :  r  ,  ?  snaps?  .  ;  .  :i  fact  sharper  !  le  narrower  FWK  M  and  fewer  small 
amplitude  pu.se  -no  -  :  1  '  '  '  n  spite  of  the  fact  that  its  counting  efficiency  is 

lower.  This  :  s  c  •  ■  •  t ;  .er  findings  that  a  sharper  PHD  is  correlated  with  a 

higher  counting  up?  s  varo  tube  exhibiting  the  same  kind  of  phosphor  decay 

as  we  see  in  t  h  *•  r  , «  ;  •  r  •  r.  ;  tube  ~  v  Or  is  this  simply  an  example  of  a  Varo  phosphor  that 
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is  too  thin  and  therefore  full  of  voids?  Again,  there  are  some  interesting  new  clues  here. 

Concluding  remarks 

Image  intensifiers  will  continue  to  play  a  vital  role  in  photon  counting  and  low  light 
level  applications  in  astronomy  and  other  fields  where  detectors  are  starved  for  light. 
Prevention  of  the  loss  of  nearly  half  of  the  photoelectrons  from  an  intensifier 
photocathode  will  considerably  improve  the  s i gna 1 - to- no  i  se  performance  of  future 
intensified  detectors.  Many  who  rely  upon  such  detectors  for  their  research  are 
impatiently  waiting  for  a  solution  to  the  lost  photon  problem. 

We  are  very  encouraged  to  have  produced  counting  efficiencies  in  recent  experimental 
intensifiers  that  approach  a  factor  of  1.4  improvement,  but  can  be  satisfied  only  when 
such  a  factor  is  routinely  and  stably  exceeded. 
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Introduction 


Image  intensifiers  are  currently  the  primary  detector  for  ground-based 
optical  astronomy.  They  are  used  with  photographic  emulsions  and  with 
various  electronic  readout  systems,  as  in  the  Wampler-Robinson  scanner 
(image  dissectoi ),'  the  Bokscnberg  I  PCS  (Plumbicon),3  and  the  Sheetman' 
and  the  Steward  Observatory4  scanners  (Relicon).  The  image  intensifier 
offers  the  advantages  of  reasonably  high  quantum  efficiency,  essentially 
noise-free  amplification  to  very  high  gain  values  and  suitability  for  rapid 
readout.  Although  the  CCD  offers  significantly  better  detective  Quantum 
efficiency  in  certain  applications,  especially  for  medium  to  high  signal-to- 
noisc  ratio  observations  at  wavelengths  above  4000-4500  A,  there  are 
nonetheless  a  number  of  astronomical  problems  for  which  the  image  in- 
tensifier  is  likely  to  remain  superior.  These  include  any  problems  in  which 
it  is  necessary  to  read  out  rapidly,  as  for  example  in  speckle  interferome¬ 
try.  polarimetry,  and  high-resolution  photon-counting  centroided  spec¬ 
troscopy.  It  also  seems  likely  that,  in  the  UV  spectral  range  (A  <  4000  A) 
the  DQl.  of  image  intensifiers  will  remain  competitive  with  that  of  CCDs 
for  some  time  to  come 

At  Steward  Observatory  we  have  tested  a  variety  of  image  intensifiers 
that  are  commercially  available  or  under  development.  Tables  I  and  II  list 
the  major  design  ty  pcs  we  have  examined,  and  give  a  summary  of  our  test 
results,  some  of  which  have  been  reported  elsewhere. 5-11 
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Manufacturer  of 
provimity  diode 

Separation 
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voltage 
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black 

layer 

Signal-induced 

background 
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ITT 
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ITT 
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ft 

No 

21 
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ITT 

1.27 

ft 

No 

32 

— 

ITT 
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10 
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14 
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n 

Proxitronic 

1.5 

9 

Yes 

5 

— 

Proxitronic 

2.5 

9 

Yes 

4 

— 

Proxitronic 

2.5 

15 

Yes 

ii 

3.3  s  10  * 

Proxitronic 

2.5 

15 

Yes 

— 

1.4  x  |(|  * 

Proxitronic 

2.5 

Q 

Yes 

s 

— 

(Pit  phosphor) 

15 

9 

— 

Proxitronic 

5.5 

9 

Yes 

5 

— 

15 

7 

— 

T  | 

15 

— 

l-.xpcricncc  in  the  last  3  years  with  proximity-focused  intensifies  indi¬ 
cates  to  us  that  these  tubes  have  reached  a  sufficient  degree  of  develop¬ 
ment  that  they  can,  with  modest  further  development,  provide  high-qual¬ 
ity  solutions  to  a  wide  range  of  astronomical  problems.  Therefore. 
Steward  Observatory  has  undertaken  a  joint  project  with  Proxitronic- 
Funk.  the  manufacturer  of  the  most  promising  proximity  tubes,  to  opti¬ 
mise  the  tube  performance  for  astronomical  applications.  The  present 
paper  summarizes  our  experience  w  ith  proximity  tubes  and  gives  a  prog¬ 
ress  report  on  our  development  program. 


Tube  Cone iguration 

Figure  I  illustrates  the  major  components  of  the  Proxitronic  tube  struc¬ 
ture.  The  input  window  can  be  made  of  fiber  optic,  glass,  or  quartz.  The 
active  diameter  of  the  diode  is  25  mm.  The  photocathode  is  normally  a 
multialkali  S  20  or  S  •  25.  although  more  recently,  bialkali  photocalhodcs 
have  also  been  fabricated.  The  screen  is  made  of  a  sedimentation  laser  of 
fine-grained  phosphor,  usually  P-20,  on  which  is  deposited  a  reflective 
aluminum  layer  on  the  side  facing  the  photocathodc.  The  latter  sup¬ 
presses  light  feedback  from  the  phosphor  toward  the  photocathodc  and 
increases  phosphor  brightness  on  the  output  side.  There  is  an  additional 
layer  of  black  aluminum  on  the  reflective  aluminum  to  prevent  light  that  is 
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Fit,  I  Proximity-focused  image  intensifier.  a.  Knlrance  window:  h.  photocathode:  c. 
screen:  d.  output  window;  e,  contact  ring;  f.  indium  containment  ring;  g.  indium  seal;  h. 
distance  ring:  i.  contact  ring;  k.  screen  contact. 


transmitted  by  the  photocathode  from  being  reflected.  The  output  window 
can  be  of  glass  or  fiber  optic. 

The  separation  between  photocathode  and  phosphor  is  determined  by 
the  thickness  of  the  "distance  ring"  in  Fig.  I.  Presently,  tubes  are  manu¬ 
factured  with  a  separation  of  1 .5,  2.5.  or  3.5  mm.  Each  tube  is  intended  to 
operate  at  an  electric  field  strength  of  up  to  6  kV  mm'1,  and  therefore  at 
maximum  voltages  of  9.  15.  or  21  kV,  respectively  At  such  high  field 
strengths,  a  sharp  edge  on  nearly  any  surface,  or  a  discontinuity  in  the 
field  near  the  wall  of  the  distance  ring,  becomes  a  troublesome  source  of 
field  emission.  To  control  these  problems,  extreme  cleanliness  has  been 
required  during  each  manufacturing  step.  Electrical  discharges  from  the 
wall  were  controlled  only  after  developing  a  bulk  conductive  glass  for  the 
material  in  the  distance  rings.  In  the  manufacturing  process,  screens  with 
output  windows  that  are  connected  to  their  conductive  distance  rings  and 
entrance  windows  carrying  a  photocathode  are  separately  stored  in  scaled 
glass  containers.  These  two  components  are  put  into  a  vacuum  chamber 
along  with  a  third  element,  the  indium  mount,  and  are  combined  to  com¬ 
plete  the  diode. 

Particularly  desirable  features  of  the  finished  proximity  diode  include 
(1)  complete  freedom  from  distortion,  (2)  uniform  light  output.  (3)  uniform 
resolution  from  center  to  edge,  (4)  small  size,  (5)  flat  input  and  output 
windows,  and  (6)  insensitivity  to  strong  external  electric  or  magnetic 
fields. 


Photocathodl  Rl  SPONSt 

Measurements  of  pholocathode  response  arc  made  by  uniformly  illumi¬ 
nating  a  2.3-cm-diamelcr  area  of  the  photocathode  w  ith  a  distant  lamp  and 
by  directly  measuring  the  resulting  photocurrent  with  an  electrometer.  A 
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a  good  blue  response.  The  Varo  lube  illustrates  the  disadvantage  of  using 
a  fiber  optic  input  window  and  a  relatively  thick  multialkali  photocathode 
for  the  blue  spectral  region.  This  tube  is  the  first  stage  in  a  four-stage 
detector  package  (“Big  Red")  that  has  been,  and  continues  to  be.  a  major 
observatory  detector  for  the  spectral  region  above  5000  A  It  is  particu¬ 
larly  useful  for  speckle  interferometry. 

Two  multialkali  photocathodes  in  Fig.  2.  one  from  ITT  and  one  from 
Proxitronic.  plus  the  Proxitronic  bialkali  photocathode  represent  three  of 
the  very  best  blue  response  photocathodes  we  have  measured  in  any 
intcnsifier  in  the  past  10  years.  Unfortunately,  all  of  these  three  tubes 
were  found  unsuitable  for  astronomy  because  of  some  other  shortcoming, 
which  illustrates  the  practical  difficulty  in  obtaining  truly  first-rate  blue 
tubes.  Proxitronic  has  been  successful  recently  in  producing  consistently 
high-response  bialkali  photocathodes,  and  this  looks  very  encouraging. 
The  somewhat  lower  blue  response  photocathode  (Proxitronic  multialkali 
3861 )  is  contained  in  an  excellent  diode  overall,  one  that  looks  very  prom¬ 
ising  for  astronomy.  We  expect  to  see  more  diodes  like  this  in  the  future 
with  higher  blue  response. 

Shown  for  two  of  the  photocathodes  in  Fig.  2  is  the  "enhancement 
factor."  the  ratio  of  the  photocathodc  response  measured  with  1  (K)  V 
across  the  diode  (the  plotted  response  curves)  to  that  measured  with  2000 
V  across  the  diode.  Some  additional  enhancement  in  the  photocathode 
response  is  expected  when  the  tubes  arc  operated  at  their  full  rated  volt¬ 
age.  The  enhanced  response,  due  to  a  high  field  strength  at  the  surface  of 
the  photocathode,  is  something  w  e  only  became  aware  of  in  the  proximity 
type  intensifies  where  the  field  strengths  are  typically  20  to  100  times 
higher  than  in  other  types.  The  enhancement  factor  is  only  significantly 
greater  than  unity  in  the  long  wavelength  tail  of  the  response  curve,  w  here 
the  quantum  efficiency  is  less  than  2 r'< .  We  have  observed  an  analogous 
effect  in  the  bialkali  photocathodes  as  well. 

Rf.sol  i  t  ion 

The  measured  limiting  resolution.  R M.  in  Ip  mm  1  for  a  proximiiy- 
focused  dioue  is  a  convolution  of  three  components  according  to  the 
equation 

I !Rs\~  —  I ’Rw~  J  U/fpiMs"  +  l.'A?io‘ 

where  /?w  is  the  inherent  resolution  of  the  photocathode  and  its  proxim¬ 
ity-focused  image,  and  /?(>Hos  and  Hi  a  are  the  resolutions  of  the  phosphor 
screen  and  the  fiber  optic  faceplate,  respectively  Furthermore,  it  follows 
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from  the  parabolic  trajectories  of  the  proximity-focused  photoelectrons 
that 


r  p,  (x)  =■  inxiv  -\d 


where  V'  is  the  applied  voltage  across  the  diode,  d  is  the  separation  be¬ 
tween  photocathode  and  screen,  and  C(K)  is  a  parameter  that  is  dependent 
upon  the  tangential  velocity  of  the  emitted  photoelectrons  (and  hence  is  a 
function  of  the  wavelength  of  incident  light).  There  is  nowhere  near  as 
strong  a  dependence  of  resolution  on  wavelength  in  magnetically  or  elec¬ 
trostatically  focused  intensifiers.  nor  have  we  detected  a  significant  effect. 

Figure  3  shows  the  measured  resolution  versus  wavelength  for  five 
proximity  intensifiers.  The  values  plotted  are  the  "dynamic  resolution." 
measured  by  scanning  a  Baum  resolution  test  pattern1’  back  and  forth  in 
order  to  smooth  out  the  discrete  nature  of  the  fiber  optic  output  faceplate 
and  to  smooth  the  grain  noise  in  the  phosphor.  Typically  ,  if  the  test 
pattern  is  not  scanned  but  is  kept  stationary,  the  resolution  measured  in 
the  intensifiers  is  10-20^  lower. 

An  interesting  way  of  studying  the  resolution  of  proximity  tubes  is  to 
express  the  measured  values  as  a  ‘ ‘photocathode  inherent  resolution." 
which  is  a  model  prediction  calculated  by  taking  into  account  the  known 
fiber  optic  and  phosphor  resolutions  in  each  tube  and.  through  the  above 
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equations,  predicting  the  resolution  each  tube  would  have  if  the  phosphor 
and  fiber  optic  resolutions  were  infinitely  high  and  if  a  standard  voltage 
and  separation  were  applied  to  each  tube.  This  has  been  done  for  10 
multialkali  and  2  bialkali  tubes,  and  the  results  are  shown  in  Fig.  4.  The 
dynamic  value  of  Rf o  for  all  tubes  was  assumed  to  be  the  same,  and  is  167 
Ip  mm-1  for  fibers  having  6-/am  spacing.  The  dynamic  value  of  /?phos  for 
the  ITT  tubes  was  determined  to  be  125  Ip  mm-1  and  for  the  Proxitronic 
tubes  180  Ip  mm1. 

The  data  for  all  the  multialkali  photocathode  tubes  fall  within  a  band  in 
Fig.  4.  The  width  of  the  band  is  created  no  doubt  in  part  due  to  true 
differences  in  resolution  from  one  photocathode  to  the  next,  but  also  due 
to  the  inaccuracies  in  the  assigned  values  of  /?M .  /?h>  •  and  /?PHos  •  Presum¬ 
ably.  the  two  bialkali  tubes  plotted  in  this  figure  roughly  define  a  similar 
band  that  describes  bialkali  photocathodes.  The  data  in  both  Figs.  3  and  4 
illustrate  that,  somewhat  surprisingly,  multialkali  photocathodes  have  in¬ 
herently  superior  resolution  to  bialkali  photocathodes  in  the  blue  spectral 
region.  This  was  observed  for  proximity  tubes  from  three  manufacturers. 
ITT,  Proxitronic,  and  Galileo.  The  one  bialkali  photocathode  which  cre¬ 
ated  sufficient  signal  at  7500  A  to  provide  a  measurable  image  showed  a 
resolution  comparable  to  the  multialkali  photocathodes.  This  would  be 
expected  based  on  the  very  low  emission  energy  of  photoelectrons  emit- 
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ted  b>  light  at  the  extreme  long  wavelength  threshold  of  the  photo¬ 
cathode 

The  resolution  goal  we  have  set  for  a  single-stage  astronomical  tube  is 
50-40  Ip  mm  1  in  the  blue  spectral  region  This  value  is  commensurate 
with  that  of  a  multistage,  high-gain  intensificr  system  (cf.  Table  I).  with 
which  the  proximity  tube  will  ultimately  be  combined,  and  is  competitive 
with  many  current  detectors.  Figures  3  and  4  show  that  tubes  with  mul¬ 
tialkali  photocalhodes  (and  with  concurrent  satisfactory  gains,  as  we  shall 
see  later)  can  meet  this  goal,  whereas  tubes  with  bialkali  photocathodes 
presently  have  difficulty .  Wc  expect  some  improvement  in  the  future  with 
different  spacings  and  higher  gain  phosphors. 

Gain 

The  electron  gain  of  a  fiber  optically  coupled  pair  of  intensifiers  is 
determined  by  measuring  directly  the  two  respective  dc  photocurrents  in 
the  first-  and  second-stage  tubes.  When  the  electron  gain  of  the  coupled 
pair  measured  in  this  way  and  the  quantum  efficiency  of  the  second  stage 
are  known,  the  photon  gain  (or  simply,  “gain”)  of  the  first  tube  may  be 
expressed  as  the  number  of  photons  emitted  by  its  phosphor  per  photo¬ 
electron.  The  results  measured  for  gain  as  a  function  of  voltage  are  shown 
in  Fig.  5  for  several  proximity  tubes  and  for  a  Varo  electrostatic  tube. 
Each  curve  is  an  average  of  two  or  more  samples  of  the  respective  class  of 
tube  shown.  The  “dead  voltage,"  or  the  amount  of  energy  lost  by  the 
electrons  in  penetrating  the  bright  aluminum  layer  (plus  the  black  alumi- 


Fig  S  Gain  \s  voltage  for  several  inlcnsifiers  Effective  wavelength  of  phosphor  emis¬ 
sion  is  shown  in  parenthesis 
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num  layer  in  the  Proxitronic  tubes),  is  indicated  by  the  intercept  on  the 
abscissa  with  extrapolation  of  the  straight  line  portion  of  the  curves.  The 
maximum  operating  voltages,  and  therefore  maximum  gains,  of  the  re¬ 
spective  tube(s)  represented  in  each  curve  are  indicated  by  heavy  dots. 
The  efficiencies  of  the  various  phosphors  may  be  compared  by  measuring 
the  straight  line  slope  of  each  curve.  We  are  now-  evaluating  a  Proxitronic 
tube  having  a  higher  efficiency  P-20  phosphor  (using  larger  phosphor 
grains).  In  spite  of  the  low  efficiency  and  gain  of  the  X  3  phosphor,  it 
remains  of  interest  because  its  time  response  is  roughly  I04  times  faster 
than  that  of  a  P  •  20  phosphor. 

In  an  analog  detector,  the  gain  of  an  intensifier  must  be  high  enough  for 
the  noise  in  the  final  recorded  image  to  be  dominated  by  the  statistical 
fluctuations  produced  by  the  original  photoelectrons  released  from  the 
first  photocathode.  When  this  is  the  case,  the  DQE  of  the  detector  system 
is  the  same  as  the  photocathode  quantum  efficiency.  Stated  another  wav. 
the  counting  efficiency  of  the  primary  photoelectrons  is  1009? .  Because  of 
a  variety  of  noise  sources  in  most  image  detectors  used  to  record  intensi¬ 
fier  outputs  (CCDs,  linear  diode  arrays,  photographic  emulsions,  etc.)  the 
gain  of  a  single-stage  intensifier  is  seldom  high  enough  to  fulfill  this  condi¬ 
tion.  One  way  of  obtaining  sufficient  gain  is  through  the  use  of  one  or 
more  ‘‘gain  stage"  intensifiers  using  fiber  optic  coupling  between  stages. 
An  example  of  these  concepts  is  the  "Big  Red"  four-stage  Varo  system 
with  an  analog  Reticon  readout  where  a  DQE  of  about  909?  of  the  first 
cathode  is  achieved.4 


Pulse  Height  Distribution 

Another  requirement  for  achieving  a  system  DQE  equal  to  the  photo¬ 
cathode  quantum  efficiency  is  that  the  intensifier  have  a  good  pulse  height 
distribution  (PHD).  The  ideal  PHD  would  be  nearly  gaussian  with  few 
events  producing  very  large  or  very  small  signals. 

Theoretically,  the  first  stage  gain  must  be  high  enough  that  the  statisti¬ 
cal  fluctuations  in  the  number  of  second  stage  photoelcctrons  do  not 
significantly  degrade  the  PHD.  In  our  practical  experience,  we  have  found 
that  the  gains  of  intensifiers  must  be  substantially  higher  than  would  be 
predicted  on  this  simple  basis  because  of  the  inherently  broad  PHD  of  a 
phosphor  output  intensifier.  Indeed,  at  low  gains,  the  phosphor  PHD  is 
quasi-exponential  and,  even  at  high  gains,  more  Poissonian  than  gaussian. 
This  is  shown  in  Figs.  7  and  8. 

Figure  6  illustrates  the  method  of  measurement  of  PHDs.  Through  use 
of  the  front  shutter,  the  image  of  a  slit  creates  a  100-msec  burst  of  a  known 
number  of  photoelectrons  from  the  first  photocathodc.  The  intensified 
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Fig  t  Expenmental  apparatus  for  measuring  PHD. 


image  falls  entirely  within  the  area  of  one  of  the  dual  arrays  of  the  Reti- 
con  Dark  emission  is  simultaneously  sampled  by  the  adjacent  array.  The 
intensifier  shutter  is  opened  slightly  ahead  of  the  source  shutter  and  re¬ 
mains  open  for  600  msec  to  integrate  the  light  from  the  photoelectron 
pulses.  The  resulting  video  from  one  such  frame  gives  a  highly  resolved, 
high  dynamic  range  record  of  individual  photoelectron  pulses  *  The  total 
signal  from  each  pulse  is  integrated  over  typically  three  to  five  diodes  via 
computer,  and  a  PHD.  expressed  as  the  probability  that  a  photoelectron 
pulse  will  be  a  given  size,  is  formed  of  all  detected  pulses  from  several 
hundred  frames  of  data.  A  PHD  of  the  dark  emission  in  the  adjacent  array 
is  subtracted  from  the  pulsed  lamp  PHD,  leaving  a  PHD  of  the  photoemit- 
ted  electrons  only. 

The  final  PHD  for  Big  Red  "  alone  is  given  in  Fig  7,  which  shows  the 
measured  data  (somewhat  noisy),  a  smoothed  representation  of  same 
(solid  curve),  and  an  estimate  of  the  true  relationship  (dashed  curve) 
toward  the  very  small-pulse  size  end  of  the  measured  data  which  other¬ 
wise  contain  a  systematic  measurement  error.  Final  PHDs  for  Proxitronic 
intensifiers  operated  at  three  different  high  voltages  are  shown  in  Fig.  8. 
The  abscissa  is  calibrated  in  terms  of  the  number  of  secondary  electrons 
released  from  Big  Red's  photocathodc  by  dividing  the  measured  pulse 
size  by  the  mean  pulse  size  of  Big  Red  alone  (Fig.  7). 


Counting  Efficiency 

The  counting  efficiency  of  an  intensifier  system  operated  in  the  pulse 
counting  mode  is  the  probability  that  a  primary  photoclectron  will  create  a 
detectable  pulse  at  the  final  output  phosphor  that  is  counted  one  time  and 
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RELATIVE  pulse  size 


Fig  7.  PHD  of  Big  Red  inlensifier  system.  Counting  efficiency  is  A  +  B. 


one  time  only.  This  probability  is  equal  to  the  area  of  the  PHD  curve.  For 
Big  Red  alone,  the  counting  efficiency  is  889?.  This  is  the  sum  of  the 
accurately  measured  area  "B"  of  the  PHD  in  Fig.  7  plus  the  estimated 
portion  "A.”  This  value  is  in  excellent  agreement  with  our  past  analog 
measurements  of  Varo  tubes,4  and  the  pulse-counting  measurements  of 
Latham.14 

For  the  Proxitronic  tubes  in  Fig.  8,  the  counting  efficiencies  are  disap¬ 
pointingly  low,  remaining  at  roughly  509 ?  once  the  gain  is  sufficiently 
above  a  threshold,  which  occurs  at  an  operating  voltage  of  15  kV  or  so. 
We  are  presently  investigating  the  cause  of  the  low  counting  efficiency. 
Two  magnetically  focused  intensifiers,  one  manufactured  by  RCA  and 
one  by  ITT.  exhibit  similar  low  counting  efficiencies  (559?). 14  Because 
neither  of  these  utilizes  blackened  layers  over  their  phosphors,  we  do  not 
feel  that  the  black  aluminum  layer  in  the  Proxitronic  tubes  is  likely  to  be 
the  cause  of  the  lost  electron  pulses.  Indeed,  we  suspect  the  loss  is  caused 
by  a  deadening  of  phosphor  grains  during  the  screen  manufacturing  pro¬ 
cess.  The  uniquely  and  consistently  high  counting  efficiency  measured  in 
Varo  tubes,  which  have  screens  manufactured  in  a  “dry  brushed"  pro¬ 
cess  which  is  significantly  different  to  that  of  all  others  we  have  measured, 
encourages  us  that  we  will  discover  the  exact  cause. 

A  primary  motivation  in  our  developing  the  proximity  focused  diode  for 
astronomy  rather  than  a  microchannel  intensifier  is  because  of  the  expo¬ 
nential  PHD  and  poor  (about  339?)  counting  efficiency  we  measure  for  the 
latter  devices.1-'  While  the  present  proximity  diodes  arc  indeed  better,  a 
major  goal  is  to  improve  them  still  more. 
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Fig  8.  PHD  of  proxitronic  proximily  tubes.  Counting  efficiency  is  given  in  parenthesis. 

Signal-Induced  Background 

Measurements  of  the  signal-induced  background  (SIB)  are  made  by 
measuring  the  analog  output  signal  in  a  region  of  the  tube  where  an 
opaque  mask  has  been  placed  over  the  photocathode  window.  The  photo¬ 
cathode  is  uniformly  illuminated  with  light  of  wavelength  4250  A.  The 
mask  is  1 .2  mm  wide  and  extends  across  the  full  diameter  of  the  field.  The 
output  is  measured  through  a  0.8  mm  diameter  aperture.  Results  are  ex¬ 
pressed  as  a  percentage  of  the  output  signal  (with  SIB  removed)  from  an 
adjacent  unmasked  area. 

SIB  measurements  are  summarized  in  Table  II.  The  importance  of 
using  a  blackened  layer  on  the  screens  of  proximity  tubes  is  clearly  dem¬ 
onstrated.  Indeed,  the  ITT  tubes  without  a  blackened  layer  exhibited 
severe  SIB.  Our  attempts  to  measure  the  counting  efficiency  in  one  such 
tube  were  so  overwhelmed  by  SIB  that  no  meaningful  value  was  deter¬ 
mined.4  Comparison  can  be  made  of  the  SIB  in  magnetic  and  electrostatic 
tubes  using  Table  1  and  Refs.  6  and  7  (the  most  meaningful  comparison 
being  between  single  stages). 

Also  given  in  Table  II  (and  Table  I)  is  the  number  of  bright  ion  events 
created  per  photoelectron  under  conditions  of  uniform  full-field  illumina¬ 
tion.  The  one  ITT  proximity  tube  having  a  black-layer  phosphor  (which 
clearly  lowered  the  overall  SIB)  emitted  one  ion  for  every  700  electrons, 
severely  reducing  the  signal-to-noise  ratio  of  images.  An  important  differ¬ 
ence  between  the  ion  SIB  in  proximity  tubes  compared  to  magnetic  tubes 
and  especially  electrostatic  tubes  is  that  the  ions  remain  spatially  much 
closer  to  the  original  image  element  in  the  signal  that  causes  them 


10  20  30  «0  30  60  TO  BO 

number  of  secondary  electrons 


130 


R.  H.  CROMWELL  ET  AL. 


'A) 


Field  Emission 

We  have  observed  field  emission  in  nearly  every  proximity  tube  we 
have  examined  when  operated  at  their  maximum  rated  voltages.  Consid¬ 
erable  effort  has  gone  into  eliminating  field  emission  in  the  Proxitronic 
tubes  during  the  past  few  years,  and  the  effort  has  paid  off.  A  few  recent 
samples  of  tubes  have  been  operated  at  their  full  6  kV  mm'1  field 
strengths  while  showing  no  bright  emitting  points  within  the  active  field 
nor  any  such  points  located  beyond  the  active  edge.  (The  latter  are  re¬ 
vealed  by  creating  an  enhanced  electron  and  ion  dark  emission  that  falls 
off  with  increasing  distance  from  the  "beyond-thc-edge"  source.) 

Dark  Emission 

Figure  9  shows  the  dependence  of  dark  emission  on  temperature  and 
voltage  for  a  Proxitronic  tube  with  a  multialkali  photocathode  and  a  sepa¬ 
ration  of  2.5  mm.  The  curves  show  n  are  felt  to  be  representative  of  other 


Elo  9  Dark  emission  vs  temperature  and  voltage  <>l  proximiu  lube  and  of  Varo  electro- 
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Proxitronic  and  ITT  proximity  tubes  we  have  examined  at  comparable 
field  strengths,  although  our  other  measurements  are  not  as  accurate.  The 
data  arc  for  one  of  the  few  Proxitronic  tubes  (No.  3861)  that  is  completely 
free  of  field  emission,  so  that  the  true  dark  emission  of  the  photocathode 
could  be  accurately  measured.  (There  may  be  evidence  via  the  cooled  18 
and  20  kV  data  that  some  very  weak  field  emission  exists  at  these  two 
elevated  voltages.)  The  data  were  obtained  by  comparing  the  phosphor 
output  brightness  measured  by  a  photomultiplier  tube  while  the  photo¬ 
cathode  was  alternately  in  complete  darkness  and  then  uniformly  illumi¬ 
nated  such  that  a  known  photoelectron  flux  left  the  photocathode.  A 
similar  measurement  is  show  n  of  a  Varo  tube  for  comparison. 

Although  dark  emission  is  roughly  10  times  higher  in  a  proximity  tube 
than  in  other  tubes,  it  can  be  reduced  to  levels  of  interest  in  astronomy  by 
cooling  to  -?0°C.  and  can  probably  be  further  reduced  by  cooling  still 
more.  Our  preliminary  measurements  of  a  bialkali  photocathode  at  +20 
and  -35°C  indicate  that  the  dark  emission  is  at  least  10  times  lower  than 
that  of  the  multialkali. 

A  representative  range  of  ion  dark  emission  at  room  temperature  mea¬ 
sured  in  ITT  and  Proxitronic  tubes  is  indicated  in  Fig.  9.  For  Proxitronic 
tube  No.  3861 ,  the  lowest  value  applies,  and  the  temperature  dependence 
follows  the  same  slope  as  shown  for  the  electron  dark  emission. 


Uniformity  of  Response 

Scans  of  proximity  tubes  (both  ITT  and  Proxitronic)  show  them  to  be 
uniform  in  response  throughout  their  field  to  typically  ±2 9c.  Fiber  optic 
bundle  pattern,  phosphor  granularity,  and  mottle  structure  arc  so  consis¬ 
tently  equal  or  superior  to  the  best  tubes  we  have  measured  previously* 
that  we  no  longer  quantify  them. 


Summary 

Progress  in  the  development  of  a  proximity  intensifier  for  astronomy  is 
ver>  encouraging  A  few  samples  have  now  been  produced  that  exhibit 
good  blue  response,  resolution,  gain,  dark  emission  (w-hen  cooled),  and 
freedom  from  field  emission.  Manufacturing  yield  of  such  samples  is  still 
low.  In  the  next  year  we  expect  to  see  improved  yield  and  performance 
through  continued  refinements.  An  important  next  step  is  to  discover  and 
eliminate  the  cause  of  lost  counting  efficiency,  observed  in  several  diode 
intensifiers. 
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Analytic  expressions  for  the  xemimajor  and  xemiminor  axes  and  an  orientation  Angle  01  :he 
ellipse  projected  by  a  tnaxiul  ellipsoid  (an  asteroid)  and  ol  the  ellipse  seemenl  cast  by  a  termina'or 
across  the  ellipsoid  as  functions  of  the  dimensions  and  pole  of  the  body  and  the  asterocenteric 
position  of  the  Earth  and  Sun  are  derived.  Applying  these  formulae  to  observations  of  the  H.n'h- 
approaching  asteroid  433  Eros  obtained  with  the  speckle  interterometrv  system  ol  Steward  Obser¬ 
vatory  on  December  17-18,  1981.  and  January  17-IX.  19X2.  the  following  dimensions  are  derived 
(40.5  t  3.1  km)  x  ( 14,5  ±  2.3  km)  x  (14  I  £  2.4  km).  Eros'  north  pole  is  found  to  lie  wittun  14'  ol 
RA  =  0*16"’  Dec.  =  4-43°  (ecliptic  longitude  23°.  latitude  -37°i.  Other  ihan  knowing  the  rotation 
period  of  Eros,  these  results  are  completely  independent  of  any  other  data,  and  in  i  he  main  contirm 
the  results  obtained  in  the  1974-1975  apparition  by  other  methods.  These  dimensions,  together 
with  a  lightcurve  from  December  18.  1981.  lead  to  a  geometric  albedo  of  0. 156  :  0.010.  A  series  of 
two-dimensional  power  spectra  and  autocorrelation  functions  of  the  resolved  asteroid  clearly  show 
it  spinning  in  space.  C  rats  Academic  Drew.  Inc 


I.  INTRODUCTION 

While  speckle  interferometric  observa¬ 
tions  of  asteroids  have  been  made  in  the 
past  (Worden,  1979;  Hege  et  al..  1980a,  b; 
Bowell  el  al..  1981),  they  have  been  used 
mainly  to  demonstrate  the  high  angular  res¬ 
olution  capability  of  the  technique.  [For  an 
introduction  into  astronomical  speckle  in¬ 
terferometry  we  recommend  Dainty  (1975), 
Worden  (1979).  and  Hege  et  al.  ( 1982a). J  To 
obtain  the  most  information  from  this  pow¬ 
erful  direct  method,  an  asteroid  needs  to  be 
followed  throughout  its  rotational  cycle.  By 
assuming  that  the  asteroid  can  be  modeled 
as  a  rotating  triaxial  ellipsoid,  we  show  in 
Section  II  chat  the  changing  semimajor 
axis,  semiminor  axis,  and  orientation  of  the 
projected  ellipse  theoretically  lead  not 
only  to  the  three  axial  dimensions  of  the 


asteroid  but  to  the  location  of  its  spin  axis 
as  well.  We  also  include  the  case  of  a  non¬ 
zero  solar  phase  angle  and  take  into  ac¬ 
count  the  terminator  cast  across  the  pro¬ 
jected  ellipse.  These  analytic  expressions 
for  obtaining  the  dimensions  and  pole  of  an 
asteroid  as  functions  of  quantities  observ¬ 
able  with  speckle  interferometry  can  also 
be  used  to  interpret  an  entire  photometric 
lightcurve  not  just  the  extrema  or  ampli¬ 
tude,  if  it  is  assumed  that  a  lightcurve  is 
generated  by  the  visible  illuminated  portion 
of  the  projected  ellipse. 

With  the  speckle  interferometry  svslem 
at  Steward  Observatory  (Hege  et  al., 
1982a),  wc  have  begun  a  program  to  ob¬ 
serve  asteroids  of  various  taxonomic 
classes  to  provide  a  check  of  the  assump¬ 
tions  and  results  obtained  by  radar,  radiom- 
etry,  photometry,  polanmetry,  etc.,  and  to 
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provide  calibration  asteroids  tor  these 
methods.  To  demonstrate  the  ability  of 
speckle  interferometry  to  obtain  useful 
results,  we  begin  our  program  by  applying 
our  speckle  technique  to  433  Eros,  since 
the  various  methods  used  to  observe  it  in 
1974-1975  have  converged  to  well-agreed- 
upon  dimensions  and  pole,  summarized  by 
Zellner  (1976).  Our  observations  of  Eros 
with  speckle  interferometry  in  1981-1982 
and  the  subsequent  analysis  are  presented 
in  Section  III,  and  in  Section  IV  we  display 
a  spectacular  series  of  power  spectra  and 
autocorrelation  functions  clearly  showing 
Eros  spinning  in  space. 

In  several  cases,  asteroids  have  been  im¬ 
plicated  as  having  satellites  from  speckle 
interferometric  observations  (Hege  et  at.. 
1980b;  Bowell  eta!..  1981).  If  a  satellite  can 
be  detected  with  speckle  interferometry, 
then  the  proof  of  its  existence  will  be  in  the 
ability  of  the  technique  to  follow  the  satel¬ 
lite  in  its  orbit  about  the  asteroid,  which  will 
also  lead  to  a  determination  of  the  mass  of 
the  system.  Hege  et  al.  (1982b)  summarize 
speckle  interferometric  observations  of 
such  a  system  as  represented  by  Pluto  and 
Charon.  We  have  in  hand  or  have  sched¬ 
uled  observations  of  several  of  the  sus¬ 
pected  binary  asteroids,  but  Eros  gives  no 
indication  of  having  a  satellite  by  speckle 
observations. 

II.  THE  FUNDAMENTAL  EQUATIONS 
A.  Derivations 

In  matrix  form,  the  equation  for  a  point 
on  the  surface  of  a  triaxial  ellipsoid  (aste¬ 
roid)  can  be  written  as 

x'T'x'  -  1 


h  Ur  \ 
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=  (x  yz') 
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+  (z'/c)2  -1=0.  (I) 


Let  a  2  6  >  c  be  the  principal  axial  radii, 
c  being  the  rotational  axis.  The  projection 


of  the  ellipsoid  onto  the  plane  of  the  Earth  s 
sky  is  an  ellipse  of  the  form  yQy.  where  y  is 
a  two  dimensional  vector  and  Q  is  a  2  x  2 
matrix.  In  an  arbitrary  coordinate  system 
the  equation  for  the  ellipsoid  is 

xTx  -  I  =  0.  (2) 

Let  x'  =  Rx,  where  the  transformation 
between  coordinate  systems  x'  and  x  is 
given  by  the  rotation  matrix  R.  Then  from 
(I)  and  (2) 

xTx  =  x'T'x'  =  xRT'Rx  (3) 

which  implies  that  T  =  RT'R. 

Writing  (2)  explicitly 

xTx  -  I  =  V  T,,. x,x,  -  I 
•) 

=  7j|.r2  +  27'i>.rv  +  T:;.v:  +  27‘n.r; 

+  7„z2  +  2  7:,yz  -1=0. 

Or.  gathering  terms  in  r 

Tii.r2  +  2(7,  sy  +  7„z).r 
+  (7:;V-  +  IT^yZ  +  TjjZ'  —  1)  =  0.  (4) 

If  we  orient  ourselves  so  that  the  yz  plane 
is  the  plane  of  the  sky  and  ,r  lies  along  our 
line  of  sight  to  a  triaxial  ellipsoid  asteroid, 
then  for  a  point  on  the  edge  of  the  apparent 
ellipse  not  only  must  .r  satisfy  (4),  but  since 
for  a  given  y  and  z  there  is  only  one  .r  which 
corresponds  to  the  edge,  the  roots  of  (4) 
must  be  real  and  equal.  Thus  the  discrimi¬ 
nant  of  (4)  must  vanish; 

4(T,:y  +  7,jz)2 

—  47n(722y2  27’j yz  +  T\\z~  —  I)  =  0 

or  gathering  terms  in  y  and  z  and  multiply¬ 
ing  by  -  l/4T|| 

WTu][(TuT22  -  Th)y- 

+  2 (r„r,j  -  TtlT,s )yz 
+  (rMr,3  -  7t,)z2i  -i=o.  (5) 

Now  this  equation  is  in  itself  quadratic  and 
diagonalizable  and  can  be  expressed  as 

yQy  -1=0,  (6) 

where  y  =  (y,  z)  and 
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-  Ti:  rM/V,  -  TrTn 
r"'  7„7-:,  -  T’l.'/'n  7„7\,  -  7 j, 


Since  1 5)  is  :he  general  equalion  tor  an 
ellipse  in  the  y;  plane  of  the  sky.  the  pres¬ 
ence  of  the  cross  term  in  yz  indicates  that 
the  semimajor  (semimmor)  axis  of  the  ap¬ 
parent  ellipse  makes  an  tingle  y  with  the  y(;) 
axis,  where  y  is  given  by 

(tin  2y  =  2t>i;.tC>,i  ~  Qz:)  (7) 

To  relate  the  matrix  Q  to  the  xennaxes  of 
the  apparent  ellipse  we  need  to  find  the  ei¬ 
genvalues  q  of  Q.  where 


constant  m2.  The  third  Euler  angle.  i.V  s 
the  rotational  phtise  tingle  Jelined  as  the  an¬ 
gle  between  x'  (along  which  a  he  si  mil  'he 
line  of  nodes;  i/<  is  0  when  the  longest  hods 
axis  is  perpendicular  to  our  line  ot  sight  and 
occurs  at  maximum  projected  .uc.i  I'he 
transformation  (3)  leads  to  the  symmetric  / 
matrix,  where 

cos 'll  sin- '//  COSU/  cos:.;i 

T  ii  =  -  ~  p 

ir  /)■ 


Tr.  =  7o  = 


cos  H  sin  i'.i  cos  ij/ 


cos  it  on  ‘b  cos  i b 


The  equation  we  need  to  solve  then  is 


qi;  =  0  = 


Qzi  -  VI 


V:  -  (£>n  +  (T:)q  +  (GnQ::  “  Qi:>  =  0. 

From  the  quadratic  formula 

((?n  +  (?::)  -  UQn  +  C?::)2 

-MQuQiz  -  <&)F 

q - - - -  (8) 

and  q  is  related  to  the  semimajor  and 
semimmor  axes  a  and  by 


Tn  =  r„  =  - 


cos  It  sin  >t  sin-i/i 


cos  H  sin  It  cos;i !)  sin  //  cos  n 

b:  c~ 

cos;i h  sin:ii/ 

~a:  +  1F~ 


hy  =  r,:  = 


sin  6  sin  ii<  cos  di 


sin  6  sin  iii  cos  >b 
_ 

sin:0  sin-’i/;  sin:0  cos-'il/ 
u3  h3 


Now  in  defining  our  coordinate  system 
let  us  choose  the  y  axis  as  coincident  to  the 
asteroid's  largest  axis  (a)  at  the  instant  in 
the  rotation  when  a  lies  unprojected  in  the 
plane  of  the  Earth’s  sky  perpendicular  to 
our  line  of  sight.  This  allows  us  to  use  Euler 
angles  as  defined  and  illustrated  by  Gold¬ 
stein  ( 1950).  Thus  the  Euler  angle  0  is  the 
angle  between  our  ;  axis  in  the  plane  of  the 
sky  and  the  asteroid's  spin  axis.  The 
Euler  angle  d>  is  the  angle  between  the  line 
of  sight  to  the  asteroid  and  the  line  of  nodes 
(which  lies  in  the  plane  of  the  Earth's  sky), 
and  by  our  chosen  coordinate  system  is  a 


After  simplification  (8)  can  be  written 


(9) 


where 


A  =  a:b:c:T[,  =  b:c:  cos:V  sin  -  V/ 

+  <rc2  cos :t)  cos:i l>  +  a'-lr  sin;9 

-B  =  u:/?:c:7j|((2ii  +  (TO 

=  «:(sin:0  sin :</i  *  cos-'i/d 
+  />:(sin:d  cos:i l>  +  sin:ii<)  •*-  c:  cos  '-ft 

C  =  a-Vc:T, -  (?T'>  =  '• 
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Therefore,  the  semimajor  and  semiminor 
axes  of  the  ellipse  projected  by  a  triaxial 
ellipsoid  are 


<* 


I*/')' 


2A _ 

-li  -  v'/y-  -  4AC 


li  =  U,'Y 


-li  +■  V/y-  -  4/At'1 


and  y  makes  an  ancle  with  the  y  axis 


y  =  ^  tan 


sin  l)  cos  ill  sin  i bib2  -  n: ) 


ir( sin:<y  sin-i//  —  cos'll/)  *  b-( sin-tf  cos-i//  -  s i n - •!/ )  *  c-  cox’*)] 


I  10) 


from  (7). 

Note  that  (9)  is  expressed  as  a  quadratic 
solution  which  has  some  well-known  prop¬ 
erties.  For  instance,  since  the  product  of 
the  roots  of  a  quadratic  equation  are 

q’q~  =  Ci  A. 

we  can  easily  express  the  projected  area  of 
the  triaxial  ellipsoid  as 

n-a/3  =  niq'q-'r112  =  (A/C)uz  =  A1'2 
=  abcT\c  since  C  =  1. 

Over  a  few  rotations  of  the  asteroid,  we 
can  regard  9  as  constant  and  <t>  -  n/2. 
Therefore  we  can  find  a,  /3.  and  y  as  func¬ 
tions  of  only  ifi,  the  rotational  angle.  If  the 
latitude  of  the  sub-Earth  point  is  high 
enough,  the  projected  ellipse  will  rotate 
smoothly  through  360°.  If.  however,  the  lat¬ 
itude  is  low  the  ellipse  will  appear  to  re¬ 
verse  directions.  Taking  the  derivative  of  y 
with  respect  to  i h  we  can  see  that  when  the 
sub-Earth  point  lies  in  the  body’s  northern 
hemisphere  ( 6  >  0),  -y  will  increase  mono- 
tonicallv,  or  decrease  monotonically  if  in 
the  southern  hemisphere  (8  <  0),  provided 
that  cos:ff  <  (a:  -  bz)/(az  -  c2).  if  cos:0  > 
(a2  -  bz)/(az  -  c2)  the  projected  ellipse  will 
reverse  directions  when 

cos2i h  =  {[sec20(a2  —  bz)l{az  -  c2)l  -  I}/ 

{[(«2  -  bz)Kaz  -  c2)]  -  2}. 

Another  consideration  is  that  there  is  a 
twofold  ambiguity  in  the  determination  of 
9.  The  rotational  axis  can  make  either  an 
angle  9  or  180°  -  9  with  the  plane  of  the 
sky,  both  corresponding  to  the  same  lati¬ 
tude  in  the  same  hemisphere  for  the  sub- 


Earth  point.  The  northern  or  southern  hem¬ 
isphere  can  easily  be  determined  by  the 
sense  of  rotation:  if  the  apparent  ellipse  ro¬ 
tates  through  the  v  axis  (through  the  maxi¬ 
mum  or)  in  a  counterclockwise  (north-east- 
south-west)  direction,  the  sub-Earth  point 
lies  in  the  northern  hemisphere,  and  vice 
versa.  However,  without  some  other  piece 
of  information,  such  as  would  be  conveyed 
by  a  terminator,  it  is  not  possible  to  resolve 
the  9  ambiguity. 

We  now  have  the  equations  relating  the 
body  dimensions  and  rotational  pole  direc¬ 
tion  to  the  observed  size,  shape,  and  orien¬ 
tation  of  the  ellipses  projected  by  a  rotating 
triaxial  ellipsoid.  Using  a  nonlinear  least 
squares  technique  we  can  solve  for  the  six 
unknown  parameters  a,  b,  c.  9.  and  the 
zero  points  ip0  and  y0.  from  measurements 
of  the  observables  a.  f3.  and  y  as  a  function 
of  time  (or  0)  for  a  known  rotational  period. 
Thus  far  we  have  assumed,  however,  that 
we  see  the  projected  ellipse  at  full  illumina¬ 
tion,  i.e.,  at  a  solar  phase  angle  of  0.  Partic¬ 
ularly  at  large  phase  angles  we  must  take 
the  terminator  into  consideration.  We  will 
now  outline  the  derivation  for  the  size, 
shape,  and  orientation  of  the  terminator  el¬ 
lipse  segment  as  a  function  of  the  same  pa¬ 
rameters,  with  the  added  information  of  the 
known  position  of  the  Sun.  but  this  time 
from  a  vector  analysis  approach  rather  than 
from  the  use  of  matrix  transformations.  The 
answers  should  converge  for  a  solar  phase 
angle  of  0. 

We  first  note  that  in  body-centered  coor¬ 
dinates.  where  a  point  on  the  surface  of  tri- 
axial  ellipsoid  is  given  by  (I) 
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fix' .  >•',  ;')  =  (x‘!a):  +  (y'lh)2 

+  (z'lc)1  =  I .  (ID 

the  unit  vector  to  the  Earth  is  given  by  E  = 
(/._/,  k)  where 

i  -  -cos  8  sin  i h 
j  =  -cos  8  cos  i h  (12) 

k  =  sin  8 

and  the  unit  vector  to  the  Sun  is  given  by  S 
=  (/,  in.  n )  where 

/  =  -cos  6n.  sin  <Iiq 
m  =  —cos  Oq  cos  ipo  (13) 

n  =  sin  0O- 

The  body  centered  celestial  coordinates  of 
the  Earth  and  Sun  are  8.  >!i,  and  8c, 
where  the  8' s  are  latitudes  of  the  sub-Earth 
and  sub-Sun  points  and  the  ij/'s  are  related 
to  the  longitudes  of  these  points  ( L ,  mea¬ 
sured  in  a  right-handed  coordinate  system 
from  the  a  axis)  by  >l>  =  ~(L  +  90°). 

Since  the  outward  normal  for  a  point  on 
the  surface  of  an  ellipsoid  described  by  / 
(Eq.  ( I ))  is  given  by  V f,  and  since  the  termi¬ 
nator  is  the  locus  of  points  whose  outward 
normals  are  perpendicular  to  the  direction 
to  the  Sun  (S).  the  terminator  equation  is 
S  •  V/=  0,  which  leads  to 

—xj  cos  8o  sin  <|/Q/a: 

-  vj  cos  »0  cos  <lt(  Jhz 

+  Zx  sin  9qIc~  =  0  (14) 

where  from  (I) 

(x'yla)1  +  (yr/b)2  +  (zj/c)2  =  I.  (15) 

As  before  we  rotate  the  yz  plane  of  the 
Earth’s  sky  so  that  the  z  axis  coincides  with 
the  projection  of  the  body’s  rotational  axis. 
The  obliquity,  p.  is  the  angle  required  to 
rotate  about  the  line  of  sight  to  the  asteroid 
(the  x  axis)  until  the  spin  axis  is  in  the  xz 
plane.  If  the  Earth  and  Sun  define  the  origi¬ 
nal  .ry  plane,  then  p  is  also  the  angle  be¬ 
tween  the  position  angle  of  the  Sun  (cen¬ 
tered  on  the  asteroid)  and  the  y  axis, 
measured  counterclockwise  (N-E-S-W) 
from  the  Sun  (see  Appendix  I).  We  then  get 


.rx,  .vj.  and  zj-  m  terms  of  the  new  coordi¬ 
nates  x.  y.  z 

,«rj-  =  -x  cos  8  sin  4i  +  y  cos 

+■  z  sin  8  sm  i h 

>4  =  —x  cos  8  cos  ip  -  y  sin  i b  (16) 

+  z  sin  l)  cos  >1> 

Zx  =  c  sin  8  -I-  z  cos  8. 

and  substituting  into  (14)  and  recombining, 
we  obtain 

.r (ilia2  +  jmlb2  +  kith2) 

+  v(l  cos  i l>/ir  -  m  sin  i liih2) 

+  z(/  sin  8  sin  ij iltr 
+  m  sin  8  cos  iti/b2 

+  n  cos  0/c2)  =0.  ( l~) 

Next  we  solve  (17)  for  ,r.  substitute  this 
back  into  (16).  and  use  rr.  yx.  zi  in  terms  of 
only  y  and  z  in  ( 14).  This  yields  an  expres¬ 
sion  for  the  terminal  or  as  seen  projected 
onto  the  Earth's  plane  of  sky.  which  we 
transform  into  an  ellipse  as  we  did  in  the 
solar  phase  =  0  case,  except  that  the  dis¬ 
criminant  of  (4)  does  not  vanish,  and  there¬ 
fore  (4)  must  be  solved  fully. 

It  is  advantageous  to  express  the  unit 
vector  to  the  Sun  in  terms  of  known  con¬ 
straints.  e.g.,  E  •  S  =  cos  oi,  where  w  is  the 
known  solar  phase  angle: 

/  =  -cos  8q  sin  i I>q 
=  -[cos  to  cos  0  sin  ii» 

+  sin  to(sin  p  sin  8  sin  tii 

-  cos  p  cos  ip)] 

m  =  -cos  0q  cos  tpo 
=  -[cos  to  cos  8  cos 

+  sin  tu(cos  p  sin  th 

+  sin  8  sin  p  cos  dd] 

n  =  sin  8q  ~  cos  to  sin  8 

-  sin  to  cos  8  sin  p.  (18) 

We  finally  get  after  solving  (4)  and  (8)  for 
the  terminator  as  seen  by  the  Earth,  and 
simplifying,  an  expression  analogous  to  (9) 
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where  AT  -  b2c:il  +  a2c2jm  +  a2b2kn 


Cr  =  b2c2l2  +  a2c2m2  +■  a2h2n2 
~Bj  =  -BC r  -  a2b2c 2  sin:  u> 

and  the  expression  analogous  to  (10) 


sin  d  sin  2i b(a2  -  b2)  +  sin-'w  sin  lpa2h2c'-IC r 
.(cos  2i lt(a2  -  b -)  +  ( a2i 2  +  h2j 2  +  c2 k2)  —  c2  —  sin-’a>  cos  2pa:b2t -/C'rl 


B.  Implications  for  Lightcurves 

Since  the  cusps  are  points  that  lie  on  the 
edge  of  both  the  projected  ellipse  and  the 
terminator  ellipse,  since  the  terminator  el¬ 
lipse  is  internally  tangent  to  the  projected 
ellipse,  and  since  a  line  connecting  the 
cusps  passes  through  the  common  center  of 
both  ellipses,  it  can  be  shown  that  the  illu¬ 
minated  visible  area  (A,)  of  a  smooth  ellip¬ 
soid  seen  at  some  phase  angle  is  given  by 

A,  =  (nafi  +  7r«r/3r)/2 

=  n/2[A'12  +  AjICT')  (19) 

and  the  area  in  shadow  is 

As  =  tTn.[Atr2  -  AT/Cf],  (20) 

The  area  in  shadow  is  larger  than  the  illumi¬ 
nated  area  when  At  <  0  (and  therefore  )3 T  is 
negative).  Derivations  of  the  lightcurve 
equations  for  a  geometrically  scattering  tri- 
axial  ellipsoid  are  given  by  Barucci  and  Ful- 
chignoni  (1982)  and  by  Ostro  and  Connelly 
(1984).  The  latter  authors  correct  some  of 
the  equations  of  the  former  and  note  that 
the  area  in  shadow  can  be  larger  or  smaller 
than  the  illuminated  area  depending,  re¬ 
spectively.  on  whether  or  not  “the  plane  of 
the  terminator  intersects  the  solar  phase  an¬ 
gle.” 

Equations  (19)  and  (20)  lead  to  some  in¬ 
teresting  considerations  with  regard  to  in¬ 
formation  gathered  from  photometry.  As¬ 
suming  that  a  lightcurve  is  generated  by 
only  the  changing  illuminated  area  as  a 
function  of  rotation,  then  (19)  is  our  ana¬ 
lytic  expression  for  a  lightcurve.  In  reality, 
(19)  may  only  be  proportional  rather  than 
equal  to  the  observed  intensity  as  a  func¬ 
tion  of  time,  but  the  proportionality  factors 


should  be  expressible  as  functions  of  not 
only  ai.  the  solar  phase  angle  (the  usual 
phase  function),  but  also  of  the  obliquity  p 
and  the  aspect  (90°  -  6).  In  fact,  any  at¬ 
tempt  to  deduce  microscopic  or  macro¬ 
scopic  properties  of  asteroids  should  in¬ 
clude  the  geometrical  effect  that  a 
terminator  has  on  the  amount  of  area  in 
shadow.  The  usual  phase  function  does  not 
completely  describe  the  behavior  or  the 
brightness  of  an  asteroid  over  time.  Espe¬ 
cially  at  larger  phase  angles,  completely  dif¬ 
ferent  lightcurves  or  extrema  of  brightness 
can  result  from  a  different  H  or  p  at  the  same 
oi  (Dunlap,  1971;  Surdej  and  Surdej,  1978; 
Barucci  et  al.,  1982). 

The  three  methods  of  rotational  pole  de¬ 
termination,  the  lightcurve  amplitude/as¬ 
pect  relation,  the  brightness/aspect  rela¬ 
tion  (Zappala  et  al.  1983;  Zappala  and  Kne- 
zevic  1984),  and  photometric  astrometry 
(Taylor.  1979;  Taylor  and  Tedesco,  1983). 
are  all  affected  by  improper  consideration 
of  the  area  in  shadow  bounded  by  the  ter¬ 
minator  and  the  dark  limb.  The  amplitude 
and  brightness  of  lightcurves  should  be 
judged  taking  the  location  of  the  terminator 
into  effect.  Photometric  astrometry,  which 
relies  on  a  comparison  of  extremal  timings 
over  long  intervals,  will  lead  to  spurious 
results  if  the  terminator  is  not  considered, 
because  the  epoch  of  maximum  and  mini¬ 
mum  light  shift  with  respect  to  the  maxi¬ 
mum  and  minimum  projected  total  area  as  a 
function  of  u»  and  fi  and  p.  Taylor  and  Te¬ 
desco  (1983)  are  aware  of  this  and  restrict 
lightcurve  comparisons  to  observations 
made  at  the  same  ecliptic  longitude  and  so¬ 
lar  phase  angle,  which  eliminates  the  de¬ 
pendence  of  lightcurve  shifts  with  respect 
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lipse  of  the  bodv  seen  in  projection  for  solar 
phase  ancle  co  -  0  are  (from  Fq.  i9)  t-i  \rq.  i 


-B  t  V  /)'  -4 AC 


Fit.  I  The  ellipse  projected  by  a  iriaxial  ellipsoid, 
a.  li.  (uT.  ;jr|  are  the  semimajor  and  xemiminor  axes  of 
the  projected  body  (terminator)  ellipse,  and  y(yTl  is  Ihe 
position  angle  of  atari  measured  from  v  in  the  >■;  plane 
ot  the  Earth's  sky  The  t  axis  lies  along  the  line  of  sight 
to  ihe  asteroid  t  he  obliquity  p  is  defined  in  Appendix 


to  i)  ;tnd  car.  but  not  to  p.  We  define  an  ampli¬ 
tude  of  a  predicted  lightcurve  as  the  maxi¬ 
mum  illuminated  area  divided  by  the  mini¬ 
mum  over  a  rotation,  a  phase  lag  as  the 
epoch  of  maximum  illuminated  area  minus 
the  epoch  of  maximum  total  projected  area, 
and  list  these  quantities  in  the  results  of 
each  model  fit  for  Eros  in  Section  III. 

C.  Summary 

Recapitulating,  with  reference  to  Fig.  I. 
to  Appendices  1  and  II.  and  to  the  unit  vec¬ 
tors  (12)  and  (18).  the  semiaxes  of  the  el- 

Aj  =  (bc):il  +  (ac)'-jm  +  (ab)lkn 
Cr  =  ( bcl):  +  (acm):  +  { abn): 

-Bj  =  CY(-#)  -  a- Ire2  sin:ca.  and 


where  superscript  signs  specify  ihe  corre¬ 
sponding  eigenvalues  and 

A  =  (hei)-  -  iaij)'  r  ( abk)~ 

—  B  =  a~(  I  -  r)  +  /;-’(!  -_/'-’) 

+■  r  ■•(  I  -  k'  I 

C  =  I. 


tan  2y  =  [sin  0  sin  2i h(a:  -  /;-')]/ 

(cos  2i Mu'-  -  ir  i  +•  [((//  .' 

-e  (bj):  -i-  (eft)-'!  -  c-'}.  l22; 

We  note  that  y  reverses  direction  if 

,  t r  -  h: 

COS-W  >  -X - ;• 

a-  -  c" 

For  solar  phase  angle  ui  *  0  the  semiaxes 
of  the  ellipse  due  to  the  terminator  (sub¬ 
script  T)  are 


(af)-.  U3t):  =  - =3s=.  (2?) 

~Br  -  VB{  -  4AyCT 

where  the  sign  convention  for  the  roots  is 
as  for  Eq.  (21)  and 


.  ,  (sin  b  sin  2i Ma:  -  b2)  +  sin:or  sin  2p«:/r:c;/Cr| 

Ian  2yr  —  7 - - - r - -r - - - ; - — — - - - - 1  _ 

fcos  iMa-  -  b-)  f  [(«/)-  +  (bj)'  +  (cA)-|  -  i~  -  sin:ca  cos  2ptrb:c:/CT} 


Note  that  as  the  solar  phase  angle  goes  to  0. 
U  r  A.  Ay  —1 1  A.  By  — *  AB,  and.  thus,  ay, 
/Jr-*  <*•  )d.  and  yj— *  y  The  illuminated  area 
is  given  by  ( 19)  and  (he  area  m  shadow  by 
(20). 


III.  4 .U  EROS 

A.  Speckle  hiterjcrometry 

To  inaugurate  our  speckle  interferometry 
studies  of  minor  planets,  treated  as  smooth. 
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tcalureless,  geometrically  scattering  tri- 
axial  ellipsoids,  rotating  about  their  short¬ 
est  (c  )  axis,  we  chose  the  asteroid  433  Eros 
since  it  is  perhaps  the  best  studied  asteroid 
of  all.  with  well-agreed-upon  rotational  pole 
coordinates  and  axial  dimensions.  With  a 
3()()-A-wide  filter  at  5500  A.  we  made  seven 
!0-mm  observations  of  Eros  over  the  two 
consecutive  nights  of  December  17  and  18. 

1981.  and  again  over  January  17  and  !8. 

1982,  using  the  2.3-m  telescope  and  speckle 
camera  and  equipment  (Hege  et  at.,  1982a) 
of  Steward  Observatory.  Each  Eros  obser¬ 
vation  was  preceded  and  followed  by  a  sim¬ 
ilar  observation  of  a  nearby  (<)“)  star.  The 
unbiased  two-dimensional  speckle  image 
power  spectrum  of  Eros  was  divided  (de¬ 
convolved)  by  the  unbiased  power  spec¬ 
trum  ot  the  stars  observed  before  and  after 
to  remove  the  modulation  transfer  function 
of  the  telescope  and  the  seeing  (Hege  et  at.. 
1982a).  The  adopted  parameters  of  the  pro¬ 
jected  ellipse  for  each  observation  are  the 
averages  of  four  independent  measure¬ 
ments  of  a,  /J,  and  y;  each  deconvolution 
(one  with  a  star  observed  before  and  one 
with  a  star  observed  after  Eros)  was  exam¬ 
ined  over  two  regions  (one  at  high  spatial 
frequencies  and  one  at  low  frequencies). 
The  semimajor  axis,  semiminor  axis,  and 
relative  position  angle  of  the  long  axis  were 
determined  by  finding  the  best  fit  to  the 
power  spectrum  of  a  uniformly  bright  el¬ 
lipse. 

We  assume  that  the  measured  ellipse  will 
be  well  approximated  by  an  ellipse  that  is  a 


TABLE l 

Least-Squares  Results  for  Eros  December 
17-18,  1981:  Biaxial  Case  u»  =  40' 


2a 

2b 

9 

2a  -*  J8.9  *  2.5  km 

2.5  km 

lb  .  IH:  1  ¥  km 

0.11 

1  9  km 

9  -  -75*  -  26* 

0  66 

-0  02 

26* 

4*  -  -r  -  106* 

-0  05 

0.14 

-O  19 

106* 

p  -  *9*  *  10 1* 

0  06 

-0  14 

0.20 

-1  00 

1  Of 

Note  Rnte  l  IWH  RA  »  DEC  -  .«*•;  Irjl'l  Eha««  oT  «i>- 
mum.  ♦  M*  minimum  ♦  664  Amplitude  I  094  Standard  error  of  fir:  4  8 
km 


TABLE  It 

Least-Squares  Results  for  433  Eros  January 
17- IX.  I<)x:  Biaxial  Case  u,  -  <y 

-'•*  2h  *  A, 

2a  4iK  •  4  i  4  I  kin 

'h  ■  14  h  -  Ml  kin  0  OX  <  0  km 

*  I r  DM  0  1'  i y 

4ni  -  48*  "  14“  (I  tfi  if  5ft  0  ^  [  j 

f>  -  -  5*#*  r  1 4‘  -0  OK  -O  '4  0  2*  o  *44  tj 

-V* "r  I’ule  1 19501  KA  -  5*  DhC  -  »7M  •  t»r l  ITuse  l.ijt  ol  umimuin 
■4“  minimum  -  2*  Amplitude  I  3*>9  Standard  error  nl  ’it  7  "i  km 

mean  between  the  ellipse  due  to  the  termi¬ 
nator  and  the  projected  ellipse.  To  form  this 
mean  we  calculate  the  ellipse  that  has  the 
same  area  and  the  same  ratios  of  moments 
as  does  the  visible  illuminated  part  of  the 
asteroid  as  found  with  the  equations  de¬ 
rived  in  Section  II.  Assuming  uniform  illu¬ 
mination.  a  y  moment,  c  moment  and  cross 
moment  can  be  calculated  for  the  illumi¬ 
nated  figure  as 

fy'dvdz .  jz:dydz.  Syzdydz. 

respectively.  We  include  a  ‘‘photometric 
constraint”  by  requiring  that  the  mean  el¬ 
lipse  have  the  same  area  as  does  the  visible 
illuminated  portion  of  the  asteroid,  in  addi¬ 
tion  to  having  the  same  ratio  of  y.  c.  and  y; 
moments.  We  then  compare  these  calcu¬ 
lated  mean  ellipses  to  our  observations  us¬ 
ing  sets  of  measured  a,  j3.  and  y,  as  func¬ 
tions  of  rotational  phase,  by  means  of  a 
nonlinear  least-squares  program  adapted 
from  Jefferys  (1980).  To  put  the  dimension¬ 
less  y  on  equal  footing  in  the  least-squares 
program  with  a  and  /3  we  weight  each  y  by 
(a:  -  This  makes  sense  because  the 

more  eccentric  the  ellipse,  the  easier  it  is  to 
determine  its  position  angle,  and  the  greater 
the  weight  assigned  to  y. 

Table  I  lists  the  results  of  a  five-parame¬ 
ter  (biaxial)  fit  for  the  December  1081  run. 
while  Tables  II  and  III  list  the  biaxial  and 
triaxial  results  for  January  1982.  Biaxial  tits 
yield  the  diameters  2a  and  2b  (c  =  h).  the 
asterocentric  sublatitude  of  the  Earth.  H.  a 
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TABLE  III 


Least-Souares 

Results  kor  433 

Eros  January 

17-18.  1982: 

Tkiaxiai 

C  A  SF.  u >  — 

3a 

2b 

2c 

0 

<i‘r\ 

3a  -  46.7  ?  4  5  km 

4.5  km 

3b  =  18.8  t  3.7  km 

0.31 

3.7  km 

3c  =  13  3  i  13.3  km 

0.01 

-0.17 

13.3  km 

H  =  -51°  *  r 

0.56 

0.03 

0  35 

y° 

•i)„  --  30°  -  15° 

0.08 

0.50 

-0.01 

-0.01 

\y 

II 

1 

4. 

0 

It 

-0.08 

-0.49 

-0.(8) 

1 

© 

u 

-0.94 

Nun’-  Pole  ( 1450)  KA  -  356°  DEC  =  <-46°:  (  £  10°)  Phase  lag  nl'  maximum:  -8°.  minimum  -4“ 
Amplitude:  1.365.  Standard  error  of  fit:  8  3  km. 


rotational  zero  point,  t|/0,  and  the  obliquity, 
p.  Triaxial  tits  also  yield  c,  but  near  a  polar 
aspect  c  is  so  foreshortened  that  it  becomes 
indeterminate  and  only  a  biaxial  fit  becomes 
possible.  This  was  the  case  in  December 
and  a  triaxial  solution  could  not  be  found. 

The  0,  180°  -  t)  ambiguity  exists  only  for 
a  solar  phase  angle  of  0.  In  theory,  the  ef¬ 
fect  of  the  terminator  should  resolve  the 
ambiguity,  but  in  practice  the  difference 
may  not  always  be  significant  enough  to 
provide  a  solution.  For  every  model,  we 
examined  fits  for  both  counterparts  of  the  d 
ambiguity,  but  near  a  polar  aspect  only  one 
global  minimum  in  the  hyperspace  is  to 
be  expected  since  the  ambiguity  disappears 
when  0  =  *90°  Thus,  between  the  two  so¬ 
lutions  for  January,  the  one  most  closely 
matched  to  the  single  December  solution  is 
chosen 

In  each  table  are  listed  the  results  and  the 
! <t  (standard  deviation)  errors  determined 
from  the  tit  The  full  correlation  matrix, 
where  the  diagonal  elements  are  these  same 
formal  errors  and  the  off-diagonal  elements 
are  the  normalized  correlation  coefficients, 
is  given  m  each  table  as  well.  The  1950  ce¬ 
lestial  coordinates  of  the  pole  derived  from 
9.  ,i  the  position  of  the  asteroid,  and  the 
position  if  the  Sun  are  then  given,  followed 
('■•  ’he  ph  pc  Lies  and  lightcurve  amplitudes 
as  nrev  lously  defined,  with  the  phase  lag  for 
maximum  listed  firs!.  Finally,  the  value  of 
tin-  M.itulunl  error  (in  kilometers)  from  ihe 
V  I'  -s'e.i,  i  r 


SE 


residuals^1'- 

,V  -  /;  J 


'  ss  | 


where  N  =  21  equations  of  condition,  n  =  5 
or  6  parameters,  and  the  residuals  are  be¬ 
tween  the  measured  and  predicted  a.  6.  and 
(a:  -  fi'-)vzy.  To  mitigate,  to  some  extent, 
the  model  dependence  of  our  final  determi¬ 
nation  of  the  dimensions  and  pole  of  Eros, 
we  first  form  weighted  averages  of  the  pa¬ 
rameters  from  Tables  II  and  III  for  January 
using  c  =  h  from  biaxial  fits,  and  using  the 
Her2  as  weights.  Then  we  find  weighted  av¬ 
erages  between  January  and  December. 

The  determination  of  the  error  in  the  lo¬ 
cation  of  the  pole  depends  only  on  the  er¬ 
rors  of  0  and  p.  The  area  of  uncertainty  on 
the  sky  surrounding  each  pole  is  wedge 
shaped,  but  we  quote  the  radius  of  a  circle 
with  the  same  area  for  convenience.  When 
finding  the  weighted  pole  between  two  de 
terminations  (for  example,  between  the  De¬ 
cember  and  January  poles),  we  weight  each 
according  to  the  area  of  error  and  locate  the 
pole  between  the  two. 

Our  best  estimate  of  the  dimensions  and 
pole  are  given  in  Table  IV,  along  with  a 
consensus  model  from  Zellnet  (1976).  who 
used  photometric,  polamnetric,  spectro¬ 
scopic.  radiometric,  radar,  and  occupation 
results  from  the  1974-1975  apparition  of 
Eros  to  synthesize  a  coherent  model.  His 
pole  is  based  on  the  results  of  Millis  et  a!. 
(1976)  and  Scaltriti  and  Zappala  ( 1976),  who 
used  an  amplitude/aspect  relationship  to 
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TABLE  IV 

Comparison  of  Results  for  433  Eros 


DimcnsKMt* 

Speckle  mlerieriHTKirv  .ini'  paper) 

-  411  5  •  I  I  km  Pok  (1950)  HA  -  4 

2b  *UJ  t  2  3  km  *  H" 

2c  -  14  t  t  24  km  DEC  *  ♦  4 } 

Ci>n%en\u>  model  4 /.c liner.  I97b> 

2a  3  V*  r  I  km 

2b  -  15  r  1  km  Pole  ( 1*4501  HA  =  10  t  2* 

2c  *  I)  i  I  km  DEC  -  *  IN  t  2* 

Radar  i Jurgens  and  (iolddtifl.  197b) 

2a  3  37  2  -  0  3  km 

2h  -  15  7  *  11.3  km  A>»umcd  Pole 

2c  assumed  =  14  km 

Kadiometrv  I  Lcboftk y  and  Rjeke.  1979) 

2a  -  IV  \  ;  2  0  km 

2b  *  lb  I  i  0  8  km  Assumed  Pole 

2c  assumed  3  2b 


Pole  Coordinates 

1950  Ecliptic 


Longitude 

latitude 

Thitv  paper 

23*  <  * 

14“l 

*  37’ 

Scaltnti  and  /..ippala  I  |9?b) 

17*  r  r 

♦  10“  r  4* 

Millis  et  ui  <!97bi 

15.4-  r  2  2° 

*•9.3*  2  )  8" 

Dunlap  t  I9?b) 

16*  2  3* 

H2*  r  1* 

Lummc  fi  ill.  1 198 1) 

15* 

♦  20° 

Tavlor(l9K4i  from  1974-1975 

18*  (r 

2(0 

♦  7* 

from  I9HI-I982 

21* 

U*l 

♦  13* 

find  ;i  pole,  and  of  Dunlap  ( 1 070 > .  a  hi)  used 
photometric  astrometry  Table  IV  also 
shows  the  results  of  the  radar  study  of  Eros 
by  Jurgens  and  Goldstein  (1976),  who  as¬ 
sumed  a  c  axis  diameter  of  14  km  and  from 
Dunlap's  pole  a  sublatitude  ol  2(E  (allhoimh 
according  to  our  calculations  wiih  Dunlap  s 
pole  it  should  have  been  6°).  A  detailed 
thermal  modeling  of  Eros  was  compared  to 
radiometric  observations  by  Lebolsky  and 
Rieke  (1979),  who  assumed  h  =  c  and 
Zellner's  pole;  their  results  are  also  shown 
in  Table  IV.  The  ecliptic  coordinates  of 
Eros'  pole  as  determined  since  Vesely  s 
( 1971)  summary  of  the  subject  complete  Ta¬ 
ble  IV.  Taylor  (19X4)  has  used  photometric 
astrometry  for  the  1974-1975  apparition  of 
Eros,  and  independently  for  the  19X1-19X2 
lightcurves  to  find  the  poles  listed  in  Table 
IV. 

Figure  2  shows  our  weighted  model  (solid 
line)  prediction  and  the  measured  major 
axes  (upper  symbols)  and  minor  axes 
(lower)  points  for  the  December  (solar 
phase  angle  =  40°)  run.  The  upper  dashed 


i _ L_ _ I _ 

•90*  -60  30 


0 


JO  60  90  120  150  190  210  290  2^0* 

Rotolionol  Pho»*  (if) 


Fig.  2.  Major  diameter  (upper  pari  of  figure)  and  minor  diameter  ol  433  Eros  as  a  function  of 
rotalional  phase  over  Dec.  17-18,  I9KI.  The  measured  diameters  are  shown  as  dots  (solid  for  major 
and  open  for  minor  diameters),  the  solid  lines  are  Ihe  predicted  measured  diameters  using  our  results 
from  Table  IV,  Ihe  dashed  line  above  each  solid  line  is  the  predicted  projected  body  diameter,  and  I  he 
dashed  line  below  is  (he  predicted  lermmator  diameter 
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K'<».  1  >  ■<'  -i  function  ol  rotational  phase  over  Dec  17-IX.  I  VS  I  Measured  >  \  are  dois.  'he  solid 
line  ;s  :he  predicted  poMtiun  ancle  ol  the  illuminated  ellipse  usinc  our  parameters  in  Table  IV  I  he 
position  ancle  o!  'he  protected  ellipse  and  the  terminator  fall  within  the  width  of  the  solid  line  The 
necjnve  slope  indicates  that  the  sub-tarth  point  lies  in  the  asteroid's  southern  hemisphere 


line  through  each  set  of  points  is  due  to  the 
projected  body  ellipse  while  the  lower 
dashed  line  is  due  to  the  terminator  ellipse; 
the  actual  model  fit  always  falls  between 


the  two.  Figure  3  shows  the  fit  to  y.  Figures 
4  and  5  are  for  the  January  (52°)  run.  but 
this  time  the  nonlinear,  least-squares  pro¬ 
gram  tended  to  values  of  0  for  the  minor 


--  '*  30  60  90  '20  i}0  100  2'0  ?«0  2^0* 

Rotot  tonal  Phot*  1^) 

Fic#  4.  Same  as  Fig  2.  Mi!  for  Jan.  17-18.  1982.  Because  the  minor  diameter  was  apparently 
unresolved,  we  do  not  piol  the  measured  minor  diameters.  The  nominal  resolution  limn  ol  the  2  3-m 
telescope  is  iFO* 
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Fig.  5.  Same  as  Fig.  3.  but  for  Jan.  17-18.  1982.  The  dashed  line  through  c n.cn  is  ihe  position  angle  of 
the  projected  ellipse.  The  other  dashed  line  is  the  position  angle  o|  (he  terminator 


axes,  implying  that  the  short  dimension  of 
the  projected  body  ellipse,  made  even 
smaller  by  the  terminator,  was  0.  i.e.,  was 
not  resolved.  We,  therefore,  set  the  "mea¬ 
sured"  minor  axes  equal  to  0'.'05  (=11.5 
km),  the  nominal  resolution  limit  of  the  2.3- 
m  telescope,  but  did  not  use  the  /3  residuals 
in  finding  SE,  set  N  =  14  instead  of  21  in 
Eq.  (25),  and  did  not  plot  measured  /3’s  in 
Fig.  4.  While  the  scatter  is  rather  large  for  a 
and  (i  (with  some  systematic  trend  evident 
in  the  residuals  for  January),  it  is  small  for 
the  y  curve.  This  is  to  be  expected  since  the 
viewing  geometries  during  these  runs  is 
rather  polar,  with  latitudes  of  the  sub-Earth 
point  being  -74°  in  December  and  -57°  in 
January.  Such  situations  create  little 
change  in  a  or  /J  and  a  nearly  linear  change 
in  y  as  a  function  of  rotational  phase.  It  is 
immediately  obvious  that  the  Earth  lies  in 
the  asteroid's  southern  hemisphere  because 
for  our  coordinate  system  a  d  <  0  yields  a 
negative  slope  for  the  y  curve,  and  for  H  > 
0,  a  positive  slope,  as  a  function  of  i+i.  The 
sense  of  rotation  is  undoubtedly  the  easiest 
piece  of  information  to  obtain  from  speckle 
interferometry,  whereas  neither  photomet¬ 


ric  astrometry  nor  radiometrv  (Matson. 
1971;  Morrison.  1977)  can  determine  this  in 
less  than  several  months. 

Figures  6  and  7  illustrate  the  lightcurve 
for  December  and  January  generated  by 
( 19).  again  with  the  tipper  dashed  line  repre¬ 
senting  the  area  of  the  projected  ellipse,  the 
lower  dashed  line  that  of  the  terminator  el¬ 
lipse.  and  the  solid  line  that  of  the  total  illu¬ 
minated  area. 

B.  Eros'  Litihlcurw  and  Albedo 

On  December  18.  1981.  D.  Tholen  ob¬ 
tained  the  lightcurve  of  Eros  shown  in  Fig. 
8  with  (he  154-ctn  telescope  at  the  Catalina 
station  of  the  University  of  Arizona.  A  min¬ 
imum  of  B  =  10.96  occurred  at  4.517  UT 
and  a  maximum  of  10.59  at  5.955  UT.  With 
a  rotational  period  of  5.2703  hr  from  Te- 
desco  ( 1979).  which  is  the  mean  of  the  side¬ 
real  periods  determined  by  Millis  el  (d. 
(1976)  and  Dunlap  (1976)  durng  the  1974- 
1975  apparition,  we  note  that  the  difference 
between  the  maximum  and  minimum  is 
1.438  hr  or  98°  in  rotational  phase.  A  com¬ 
parison  of  Tholen’s  lightcurve  characteris¬ 
tics  with  one  predicted  from  Zcllner's 
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TABLE  V 

Comparison  of  Observed  ano  Theoretical  Lightcurve  Characteristics 


Tholen 

Zellner 

Dec.  lit 
only 

Dec.  -  J. 

model 

Rotational  phase  difference 
max  -  min 

98“ 

100° 

S8° 

i  ir 

Rotational  phase  difference 
of  max  from  Tholen's  max 

0 

-24u 

-33“ 

-36° 

Rotational  phase  difference 
of  min  from  Tholen's  min 

0 

_ 

-43° 

Amplitude  in  mag 

(U7 

0.23 

0. 10 

0.07 

not  lead  to  predictions  of  the  times  of  ex¬ 
trema  unless  an  epoch  and  period  are  also 
known.  In  other  words,  even  if  the  pole  is 
known  it  is  not  possible  to  predict  the  light- 
curve  for  a  given  night  without  a  time  refer¬ 
ence.  Therefore,  in  order  to  compare  the 
observed  lightcurve  to  the  predicted  ones 
we  proceed  as  follows.  With  the  position  of 
the  pole  it  is  possible  to  predict  the  position 
angle  of  maximum  elongation  (the  location 
of  the  v  axis).  Then  it  is  merely  a  matter  of 
noting  the  time  that  the  rotating  ellipse  at¬ 


tains  this  position  angle,  which  establishes 
rotational  phase  zero.  For  high  sub-Earth 
latitudes,  y  varies  nearly  directly  with  ib.  as 
can  be  seen  by  the  slope  of  nearly  -  I  for 
the  y  curve  in  Fig.  3  and  the  cross  correla¬ 
tion  of  -  I  for  i //(>  and  p  in  Table  I.  Thus  the 
sum  of  tit,)  and  p  is  nearly  a  constant,  and  if  p 
is  known  then  ipn  can  be  obtained  from  the 
measured  value  of  the  constant.  From  Ta¬ 
ble  I  the  value  for  the  constant  is  62°.  from 
the  adopted  pole  p  is  -98°.  and  i bn.  then,  is 
-20°  relative  to  the  time  of  our  first  mea- 


Fig.  8.  Lightcurve  of  Eros  obtained  by  D  Tholen  with  the  154-cm  telescope  al  Ihe  Catalina  station 
of  the  University  of  Arizona.  Solid  dots  constitute  the  lightcurve  measured  by  Tholen.  the  shallow 
curve  represents  the  lightcurve  predicted  from  our  model,  assuming  that  intensity  is  proportional  to 
illuminated  area  as  discussed  in  the  text,  and  the  deeper  curve  is  the  lightcurve  from  the  consensus 
model  with  the  same  assumption.  The  maximum  for  Tholen's  lightcurve  is  H  =  10.59  and  the  minimum 
is  B  =  10.96. 
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surement  point  (the  fourth  point  in  Fig.  6). 
Using  (he  same  constant,  but  p  as  predicted 
from  Zellner's  pole,  we  can  also  make  a 
predicled  lightcurve  for  Zellner's  model,  all 
of  which  leads  to  Table  V  and  Fig.  8 

At  first  it  might  appear  that  the  agree¬ 
ment  between  the  observed  and  theoretical 
lightcurves  is  poor.  However,  since  both 
Dunlap  ( 1976)  and  Millis  et  al.  (1976)  found 
that  lightcurve  amplitudes  from  models 
must  be  scaled  up,  especially  at  larger  solar 
phase  angles,  in  order  to  match  Eros'  ob¬ 
served  amplitudes,  the  amplitude  discrep¬ 
ancies  are  not  worrisome  to  our  results  for 
the  size  and  shape  of  the  asteroid.  In  addi¬ 
tion.  it  should  be  recalled  that  our  predicted 
“lightcurves”  are  only  the  total  projected 
area  in  illumination  and  do  not  include  any 
particular  scattering  law,  although  at  lower 
solar  phase  angles  (<20°),  assuming  that 
the  intensity  is  proportional  to  the  illumi¬ 
nated  area  is  tantamount  to  assuming  Lom- 
mei-Seeliger  scattering.  In  fact,  the  poor 
phase  and  amplitude  match  between  the  ob¬ 
served  and  predicted  lightcurves  could 
result  from  any  one  or  combination  of  the 
following:  high  sub-Earth  latitudes  produce 
low-amplitude  lightcurves  containing  rela¬ 
tively  little  phase  information,  making  it 
difficult  to  establish  a  zero  phase  point  ac¬ 
curately;  no  scattering  laws  are  included; 
and  Eros  may  depart  from  a  smooth  triaxial 
ellipsoid.  Indeed.  Jurgens  and  Goldstein 
(1976)  noted  that  not  only  was  Eros  rough 
on  the  scale  of  3.5  and  12.6  cm,  as  well  as 
70  cm  (Campbell  et  al.,  1976).  but  that  the 
projected  axis  of  rotation  did  not  equally 
divide  the  projected  area,  as  would  be  the 
case  for  an  ellipsoid.  For  these  reasons  we 
place  little  importance  in  the  phase  discrep¬ 
ancies,  attributing  them  to  the  microscopic 
properties  of  Eros.  The  gross  features  (size, 
shape,  and  pole)  are  well  established  by 
speckle  interferometry. 

Using  the  phase  coefficient  of  0.024  mag / 
deg,  the  reddening  of  0.001  mag/deg,  and 
the  B  -  V  of  0.88  for  Eros  from  Zellner 
(1976).  together  with  the  maximum  B  of 
10.59  from  Tholen  s  lightcurve  and  our  de¬ 


termination  of  the  illuminated  area  at  light- 
curve  maximum,  we  find  a  KJI.O)  (magni¬ 
tude  at  maximum  light  corrected  to  unit 
distance  and  zero  solar  phase  angle >  of 
10.85  and  a  geometric  albedo  of  0.156  " 
0.010.  This  V'l,(  1 ,0|  is  somewhat  fainter  than 
Zellner's  10.78  ±  0.04  from  the  1974-1975 
apparition  of  Eros,  which  was  0.5  mag 
brighter  than  that  found  in  earlier  appari¬ 
tions.  The  error  in  our  albedo  covers  the 
extreme  range  induced  by  assigning  maxi¬ 
mum  or  minimum  illuminated  area,  from 
the  December  results  or  from  the  combined 
January/December  model,  to  the  observed 
maximum  in  Tholen's  lightcurve.  The  al¬ 
bedo  stands  between  Zellner's  0.19  r  0  01 
and  Lebofsky  and  Rieke's  (1979)  radiomet¬ 
ric  determination  of  0.125  r  0.025. 

IV  A  VISUAL  COMPARISON 

Figure  9  is  a  summary  of  the  actual 
speckle  data  for  the  17-18  December  1981 
observations  after  processing  to  correct  for 
atmospheric  seeing  effects.  The  principal 
result  of  this  analysis  is  the  set  of  debiased 
seeing-corrected  power  spectra  [see  Hege 
et  al.  ( 1982a. b)  for  further  details  of 
speckle  data  reductions]  shown  in  the  cen¬ 
ter  row.  On  the  left  is  the  result  for  an  unre¬ 
solved  star  showing  energy,  nearly  uni¬ 
formly,  to  the  diffraction  limit  of  the 
measurement.  The  next  seven  frames  show 
results  for  Eros  at  different  lightcurve 
phases.  These  are  characteristically  differ¬ 
ent  from  the  result  for  an  unresolved  star  in 
two  wavs:  the  energy  falls  off  more  rapidly 
than  the  diffraction-limited  result  (i.e..  the 
object  is  resolved)  and  it  does  not  fall  off 
uniformly  (the  object  is  more  highly  re¬ 
solved — longer — in  a  particular  direction). 
Unfortunately,  instrumental  effects  are  also 
present,  notably  vertically  (N-S).  and  es¬ 
pecially  near  the  center  (at  lowest  spatial 
frequencies).  Nevertheless,  the  two  signifi¬ 
cant  attributes  of  these  data  sets,  those 
showing  the  object  to  be  resolved  and  elon¬ 
gated.  are  sufficient  to  support  the  further 
analysis  described  in  this  paper. 
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In  order  to  help  the  reader  better  visual-  uon-limited  telescopic  images  m  that  they 

ize  these  attributes,  intensity  contours  preserve  both  the  ratio  of  length  to  width 

(shown  as  brighter  regions)  are  superim-  and  the  orientation  of  the  object  itself.  The 

posed  on  the  power  spectra  in  the  bottom  stellar  (unresolved)  autocorrelation  shows 
row  The  intensity  is  maximum  at  (or  near)  a  strong,  symmetric  Airy  minimum  and  a 
the  center.  Each  energy  contour  is  a  factor  faint  (if  asymmetric)  first  Airy  maximum 
of  2  less  than  its  neighbor  toward  the  cen-  surrounding  a  central  diffraction  disk.  The 
ter  Typically  five  contours  are  visible  indi-  results  for  the  asteroid  all  show,  to  a  greater 
eating  a  signal-to-noise  of  about  2'  =  32.  or  lesser  degree,  evidence  for  an  elongated 
Although  not  exactly  elliptical,  the  gener-  object  at  a  characteristic  position  angle, 
ally  ohloni ;  character  of  these  contours  is  The  instrumental  artifacts,  seen  vertically 
easily  noted.  Our  tirst  least-squares  param-  in  the  power  spectra,  are  now  (bv  the  prop- 

eterization  tits  elliptical  contours  to  each  erties  of  the  Fourier  transform!  seen  hor- 

of  these  energy  distributions  in  order  to  ex-  izontaliv  and  mainly  at  larger  distances  in 

tract  three  characteristic  primary  parame-  these  autocorrelation  functions.  We  have 

ters,  the  semimajor  and  semiminor  axes,  made  no  attempt  in  this  work  to  analyze  the 

and  the  position  angle  for  each  observation,  significance  of  the  obvious  departures  from 
This  set  of  a,  /3,  and  y  values  is  analyzed  simple  elliptical  shape  (e.g..  particularly  in 
using  a  second  least-squares  procedure  to  the  third  and  fourth  Eros  frames)  which  are 
determine  the  actual  body  parameters  and  caused  in  part  by  details  on  the  surface  of 
pole  as  previously  described.  the  asteroid.  We  have  limited  this  analysis. 

The  top  row  of  frames  is  the  same  set  of  as  noted  above,  to  considerations  only  of 
data,  presented  as  autocorrelation  func-  overall  shape  (length  and  width  of  projected 
tions  (Fourier  transforms  of  the  power  image)  and  orientation  (position  angle), 
spectra  in  the  middle  row).  These  are  more  Figures  10  and  II  are  side-by-side  com- 
directly  comparable  to  the  actual  diffrac-  parisons  of  our  measured  ellipses  superim- 
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Fic.  10.  Comparison  of  predicted  projected  ellipses  and  measured  ellipses  for  Dec.  17-18.  1981. Our 
adopted  solution  for  the  dimensions  and  pole  of  Eros  (Table  IV)  results  in  the  upper  series  t  A  A)  of 
projected  ellipses  (solid  ime  figures).  The  dashed  ellipses  are  our  measured  ellipses  at  the  same 
rotational  phase  The  lower  series  (AZ)  arc  the  projected  ellipses  from  the  consensus  solution  (Table 
IV),  and  again  superimposed  are  our  measured  ellipses  al  the  same  rotational  phase.  From  our  solution 
the  sub-Earth  lautuue  during  this  run  was  -74”  and  the  sub-Sun  latitude  was  -34”.  The  dilTercnce 
between  the  sub-Earth  and  sub-Sun  longitudes  was  +6°.  For  the  consensus  model  the  sub-Earth 
latitude  was  -58”.  the  sub-Sun  latitude  was  -30".  and  the  difference  between  the  longitudes  was  +43" 
The  solar  phase  angie  was  40”,  Eros  position  was  and  +46”  and  its  distance  from  the  Earth  was 

0.31 1  A  U.  On  the  0705  diameter  circle,  which  corresponds  to  (he  minimum  resolution  disk  oft  he  3.3-m 
telescope,  north  and  east  are  indicated.  On  the  first  ellipse  of  each  series,  the  direction  to  the  Sun  and 
to  Eros  north  pole  are  shown  according  to  each  solution. 


INTERFEROMETRY  OF  EROS 


149 


N 

e 


V  <>.  0  C'  0  0 

Fic.  II.  Comparison  of  predicted  projected  ellipses  and  measured  ellipses  for  Jan  17-18.  1982.  As 
in  Fig.  10,  the  upper  series  (BB)  of  solid  line  ellipses  are  from  our  solutions,  and  the  lower  senes  t  BZ) 
are  Irom  the  consensus  solution.  The  sub-Earth  latitude  from  our  model  during  the  Jan  run  was  -57°. 
the  sub-Sun  latitude  was  - 1 1°.  and  the  difference  between  the  sub-Earth  and  sub-Sun  longitudes  was 
-32°.  For  the  consensus  mode!  the  sub-Earth  latitude  was  -56°.  the  sub-Sun  latitude  was  -4°.  and  the 
difference  between  longitudes  was  +6°.  The  solar  phase  angle  was  52°.  Eros'  position  was  2I'57‘".  -32° 
and  its  distance  from  the  Earth  was  0.317. 


posed  on  our  model  and  on  the  consensus 
model  of  Eros  for  December  1981  and  Janu¬ 
ary  1982,  respectively.  Presented  in  this 
manner  the  agreement  between  the  two 
models  is  indeed  convincing.  Judging  from 
the  agreement  between  earlier  works  and 
the  current  speckle  interferometric  efforts 
for  Eros,  it  appears  that  speckle  is  capable 
of  obtaining  the  same  information  for  aste¬ 
roids  as  several  other  methods  in  concert, 
but  in  only  one  or  two  nights,  provided  the 
rotational  period  is  known. 

appendix  i 

In  an  attempt  to  avoid  any  possible  con¬ 
fusion  of  the  term  obliquity  as  used  in  this 
paper  and  as  used  by  Dunlap  (1971)  and 
Barucci  and  Fulchignoni  (1982),  or  Taylor 
(1979),  we  present  Fig.  12,  which  shows  the 
position  of  the  Sun  projected  onto  the  plane 
of  the  Earth’s  sky,  centered  on  the  aste¬ 
roid,  for  each  possible  quadrant.  The  c  axis 
is  the  projection  of  the  asteroid's  spin  axis 
and  the  y  axis  is  the  line  of  nodes  (the  inter¬ 
section  of  the  asteroid's  equator  and  the 
plane  of  the  Earth’s  sky).  Both  Dunlap  and 
Taylor  define  obliquity  as  a  positive  quan¬ 
tity,  the  former  restraining  the  obliquity  to 
lie  between  0  and  -all  and  the  latter  between 
0  and  77.  We  define  obliquity  as  a  position 
angle  with  the  normal  convention  that  the 


angle  measured  in  a  counterclockwise  di¬ 
rection  (N-E-S-W)  is  positive  and  varies 
between  0  and  2tt. 

Define  three  position  vectors  in  the  aste¬ 
roid's  coordinate  system  (Section  UA).  one 
for  the  Earth,  one  for  the  Sun.  and  one  for 
the  line  of  nodes: 

E  =  (i.j.  k) 

S  =  (/,  m.  n) 

Y  =  (cos  iji.  -sin  i \>,  0). 


Fig.  12,  Obliquity  as  defined  bv  Dunlap  (1971).  — ; 
by  Taylor  ( 1979). - ;  and  l fits  paper  (Appendix  I),  -» 
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The  cosine  of  the  solar  phase  angle.  is 
given  by  E  •  S.  Our  obliquity,  p.  measured 
from  the  projection  of  S  onto  the  plane  of 
the  Earth's  skv  to  v.  can  be  found  from 

cos  p  =  Y  ■  S/sin  oj 

=  (7  cos  i it  -  in  sin  )^si n  to 

sin  p  =  Y  ■  E  x  S/sin  cu 

=  (k  cos  a)  —  n)i( sin  u>  cos  0). 

APPENDIX  ti  NOMENCLATURE 
A.  B.  C  terms  used  in  quadratic  for¬ 

mula  for  projected  ellipse 
A,  illuminated  area  of  pro¬ 

jected  ellipse,  bounded  by 
terminator  and  bright  limb 
■U  area  of  projected  ellipse  in 

shadow,  bounded  by  ter¬ 
minator  and  dark  limb 
At,  Bj.  Cr  terms  used  in  quadratic  for¬ 

mula  for  terminator  el¬ 
lipse 

n  >  b  ^  c  semidiameters  of  triaxial  el¬ 

lipsoid  rotating  about  c 
E  =  (i,  j,  k)  position  vector  of  Earth  in 

asterocenlric  coordinates 
[see  Eq.  (12)] 

L  asterocentric  longitude 

measured  positive  in  a 
right-handed  coordinate 
system,  from  the  longest 
body  axis  (</);  L  =  -(</i  + 
90°) 

S  =  (/.  m,  n)  position  vector  of  Sun  in  as- 

terocentric  coordinates 
[see  Eq.  (18!) 

Y  position  vector  of  line  of 

nodes:  the  intersection  of 
the  asteroid's  equatorial 
plane  and  the  plane  of  the 
Earth's  sky 

r,  y,  z  asterocentric  rectangular 

coordinates  with  the  v 
axis  pointed  toward  the 
Earth,  and  the  y  axis  coin¬ 
cident  with  the  line  of 
nodes 

x‘ ,  y' ,  asterocentric  rectangular 

coordinates  rotating  with 


a  2:  /J 


«T  - 


the  asteroid,  with  n.  I>,  , 
lying  along  ,r',  y  and 
semidiameters  of  ellipse 
projected  by  ellipsoid 
semidiameters  of  terminator 
ellipse 

position  angle  measured  in 
the  plane  of  the  sky.  be¬ 
tween  the  y  axis  and  or 
position  angle  measured  in 
the  plane  of  the  skv.  be¬ 
tween  the  y  axis  and  ui 
asterocentric  latitude  of 
sub-Earth  (sub-Sum 
point,  or  equivalently  the 
Euler  angle  between  the 
asteroid's  rotation  axis 
and  the  Earth's  (Sun's) 
sky  plane 
3.1416  .  . 

obliquity  isee  Appendix  I) 
the  Euler  angle  between  the 
line  of  sight  and  the  line  of 
nodes;  by  our  selected  co¬ 
ordinate  system  this  angle 
is  a  constant  n/2 
the  Euler  angle  equivalent 
to  the  rotational  phase  an¬ 
gle  measured  from  the 
line  of  nodes,  with  7/  =  t) 
when  the  longest  body 
axis  Iti)  is  perpendicular 
to  the  line  of  sight  and  lies 
unprojecled  in  the  piane 
of  the  sky,  4>  -  ~{L  + 
90°).  i hr  =  ~(Lq  +-  9tn 
solar  phase  angle,  the  angle 
between  the  Sun  and 
Earth  as  seen  by  the  aste¬ 
roid;  E  S  =  cos  uj 
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Speckle  interferometry  of  5*2  Herculina  performed  on  January  17  and  18.  1982.  yields  triaxial 
ellipsoid  dimensions  of  (2tD  4  I4i  *  (218  i  12)  >  (215  ±  12)  km.  and  a  north  pole  for  the  asteroid 
ssithm  7  of  RA  TA7m  and  1)1  (  =  -  *9'  (ecliptic  coordinates  K  ■  1*2 '  ft  -  59  ).  In  addition,  a 

"spot''  some  75rr  brighter  than  the  rest  of  the  asteroid  is  inferred  from  both  speckle  observations 
and  Hercultna  s  lights'urse  history.  This  bright  complex,  centered  at  asterocentric  latitude  -35°, 
longitude  145- lb*  ,  extends  over  a  diameter  of  55  ( 1 15  km)  of  the  asteroid's  surface  No  evidence 
for  a  satellite  is  found  from  the  speckle  observations,  v.  hich  leads  to  an  upper  limit  of  50  km  for  the 
diameter  of  any  satellite  with  an  albedo  the  same  as  oi  higher  than  Herculina  ■>  tw'  As, ulema 

I’lCN.  Ine 


INTRODUCTION 

Assuming  that  an  asteroid  is  a  smooth 
triaxial  ellipsoid  rotating  about  its  shortest 
axis,  the  resolved  asteroid  will  project  onto 
the  plane  of  the  Earth's  sky  as  an  ellipse. 
Even  at  low  to  moderate  solar  phase  angles 
(<45D.  the  illuminated  portion  of  an  aste¬ 
roid  can  still  be  approximated  by  an  ellipse. 
At  low  solar  phase  angles,  a  smooth,  airless 
dark  body  tends  to  suffer  little  or  no  limb 
darkening  (French  and  Vcvcrka.  1983). 
Even  for  objects  similar  in  albedo  to  Hercu¬ 
lina.  French  and  Veverka  (1983)  found  that 
what  limb  darkening  may  exist  is  nearly 
(but  not  totally)  reduced  by  macroscopic 
surface  roughness.  Thus,  treating  an  aste¬ 
roid  as  a  smooth  triaxial  ellipsoid  uniformly 
bright  from  the  terminator  to  the  opposite 
limb  appears  to  be  a  useful  approximation 
and  is  indeed  what  is  traditionally  used 
le  g..  Oslro  and  Connelly .  1984).  As  the  as¬ 
teroid  rotates  it  presents  a  series  of  ellipses 

1  Visiting  Astronomer  from  Department  of  Astron¬ 
omy.  Neu  Mexico  State  I'niscrsiiv .  Lav  Cruces 
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that  change  in  size,  shape,  and  orientation. 
There  is  a  transformation  from  each  ellipse 
to  actual  body  parameters  that  involve  six 
variables,  three  dimensions  and  three 
(Euler)  angles.  The  asteroid's  axial  dimen¬ 
sions  and  the  direction  of  its  spin  axis,  in¬ 
cluding  the  sense  of  rotation,  can  then  be 
found  from  a  least-squares  analysis  of  this 
ellipse  series.  The  derivation  of  the  relevant 
equations  was  given  by  Drummond  cl  al. 
(1985.  Paper  I)  and  applied  to  speckle  inter¬ 
ferometric  observations  of  433  Eros.  In  the 
present  paper  we  use  the  same  technique  to 
study  532  Herculina. 

THT  DA  I  A  AND  RESUI  TS 

Four  observations  of  Herculina  were 
made  on  January  17,  1982,  and  another  four 
on  January  18.  at  the  2.3-m  telescope  of 
Steward  Observatory,  using  the  equipment 
as  described  by  Hegc  cl.  til.  (1982).  Each 
observation  w  as  a  10-min  videotape  of  Her¬ 
culina  taken  at  30  Hz.  Each  10-min  obser¬ 
vation  was  later  Fourier  transformed,  and 
the  power  spectra  were  coadded  In  order 
to  remove  the  modulation  transfer  function 
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of  the  telescope  and  the  seeing  (Hege  et 
ul..  1*382).  the  unbiased  two-dimensional 
speckle  image  power  spectrum  accumu¬ 
lated  from  each  10-min  observation  was  di¬ 
vided  (deconvolved)  by  the  two-dimen¬ 
sional  power  spectrum  of  a  star  observed 
immediately  before  and  again  by  the  power 
spectrum  of  a  different  star  observed  imme¬ 
diately  after  Herculina  Each  deconvolved 
power  spectrum  of  Herculina  was  then  fit 
over  two  regions  of  spatial  frequencies  to 
the  power  spectrum  of  a  uniformly  bright 
ellipse.  The  major  axis,  minor  axis,  and  po¬ 
sition  angle  of  the  major  axis  for  the  aste¬ 
roid's  elliptical  power  spectrum  were  taken 
as  the  average  of  two  measurements  from 
both  of  the  deconvolved  power  spectra. 
The  average  standard  deviation  from  the 
mean  of  the  four  measurements  of  each 
Herculina  observation  ranged  between 
0.002  and  0.018  for  the  long  axis  dimension, 
between  0.'003  and  0.043  for  the  short  axis 
dimension,  and  between  1  and  6°  for  the 
position  angle.  Image  scale  and  absolute 
orientation  were  calibrated  with  a  mask 
placed  over  the  secondary  mirror  at  the  end 
of  the  run.  The  diffraction  limit  of  the  2.3-m 
telescope  is  0.05  at  5300  A  and  the  scale 
was  O'Ol  per  pixel. 

On  a  "poor"  night  seeing  may  not  be  a 
statistically  stationary  process  during  ob¬ 
servations  of  the  first  nearby  standard,  the 
asteroid,  and  the  second  nearby  standard. 
However,  since  the  observation  of  the  aste¬ 
roid  is  always  sandwiched  between  the  two 
standards,  and  the  results  arc  the  average 
between  the  two  deconvolutions,  any  trend 
in  the  seeing  should  be  compensated.  Fur¬ 
thermore.  even  if  a  change  in  seeing  is  not 
entirely  compensated,  the  remaining  “er¬ 
ror"  w  ill  simply  be  manifest  as  noise  on  the 
measurements  when  all  observations  arc  fit 
simultaneously,  resulting,  perhaps,  in  in¬ 
creased  errors  for  the  final  parameters.  (Sec 
below .) 

Table  I  gives  pertinent  data  regarding  the 
observing  circumstances  for  Herculina, 
which  moved  less  than  one-third  of  1  be¬ 
tween  the  first  observation  on  the  first  night 


TAHI.i  I 

Aspk  t  Da  i  a  i  or  Shi  (Kir  Oust  r\  ai  loss 
DA  I  t  K  Ail'isoi  1)1  A 

January  17  and  IK.  19K2  8"5K"'  -r  2^  41 

Distance  from  Earth  Distance  from  Sun 

1 .495  AU  2.459  AD 

Solar  phase  angle  Position  angle  of  Sun. 

centered  on  Heiculina 
6A)  74' 

and  the  last  observation  on  the  second 
night.  Because  the  solar  phase  angle  was 
only  6“,  the  terminator  was  virtually  coinci¬ 
dent  w  ith  one  edge  of  the  projected  ellipse. 

Three  independent  quantities  are  mea¬ 
sured  for  each  of  the  eight  observations  of 
the  projected  ellipse:  a  major  axis  dimen¬ 
sion  a.  a  minor  axis  dimension  fi ,  and  a 
position  angle  y  of  the  long  axis.  Alto¬ 
gether,  then,  there  are  24  equations  of  con¬ 
dition  to  solve  for  six  unknown  parameters. 
However,  as  discussed  later,  four  measure¬ 
ments  were  not  used  in  the  analysis,  leaving 
20  equations  of  condition.  A  nonlinear 
least-squares  (Jeffreys,  1980)  routine  was 
used  to  solve  for  the  dimensions  of  the 
three  axes  a.  h.  c,  the  latitude  of  the  sub- 
Earth  point  6.  a  zero  point  for  the  rotational 
phase  i/»n  (corresponding  to  maximum  light), 
and  the  obliquity  p  (as  defined  in  Paper  I). 
With  0.  p,  and  the  position  of  Herculina.  we 
calculate  the  location  of  the  pole  directly. 
The  error  in  the  position  of  the  pole  arises 
from  the  error  in  0  and  p.  and  corresponds 
to  the  radius  of  a  circle  with  the  same  area 
as  the  area  enclosed  by  the  various  poles 
calculated  by  varying  0  and  p  by  their  er¬ 
rors.  Table  II  lists  the  least-squares  solu¬ 
tion  for  each  of  the  parameters  and  presents 
the  matrix  of  normalized  correlation  coeffi¬ 
cients  for  the  full  six-parameter  fit.  I  able- 
ill  lists  the  same  for  a  five-parametei  fit. 
where  b  is  assumed  equal  to  r  (the  prolate- 
spheroid  biaxial  case),  and  I  able  IV  shows 
the  information  for  the  biaxial  fit  using  all 
the  points,  including  the  four  discrepant 
ones.  A  triaxial  solution  could  not  be  found 
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in  the  lat'er  case  if  these  four  points  were 
included  in  the  analysis.  Table  V  gives  our 
adopted  weighted  (by  the  inverse  errors 
squared)  solution  between  Tables  I!  and 
III.  For  each  case  the  standard  error  of  fit  is 
listed  and  both  poles  for  the  6.  rr  -  6  ambi¬ 
guity  (see  Paper  I)  are  given  However, 
based  on  the  available  published  light- 
curves  (next  section),  the  first  listed  pole  is 
the  correct  one  From  occupation  (Bowell 
cf  nl..  1978).  radiometric  (Morrison  and  Le- 
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bofsky.  1979),  and  polarization  (Bowell  et 
al..  1979)  results,  the  diameter  of  Herculina 
has  been  found  to  be  217,  219.  and  220  km. 
respectively.  No  published  pole  has  been 
noted  in  the  literature 

Figure  1  shows  our  measured  major  axis 
(diamonds)  and  minor  axis  (filled  circles; 
open  circles  are  not  used  in  ihc  analysis) 
plotted  against  rotational  phase  i b  The  up¬ 
per  line  is  the  predicted  major  axis  dimen¬ 
sion  from  Table  V,  while  the  lower  curve  is 
the  predicted  minor  axis.  Figure  2  shows 
the  predicted  position  angle  (y)  of  the  major 
axis  as  a  function  of  rotational  phase.  At 
rotational  phase  i/»  =  0.  maximum  light  oc¬ 
curs.  the  long  body  dimension  a  is  perpen¬ 
dicular  to  our  line  of  sight,  and  y  is  zero. 
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Roto^o^oi  i> 

In.  I  M  an*!  (diamonds'  and  minor  (circles)  axis 
dimensions  (HOI  -  10.84  km)  plowed  against  rota- 

tional  phase  ovei  Jan  P  and  18.  1 981  Because  of  the 
effect  of  the  bnght  spot  on  measuring  the  minor  axes, 
open  circles  were  not  used  in  finding  die  solution  The 
upper  i lower)  line  is  the  predicted  major  (minor)  axis 
dimension  from  our  adopted  weighted  solution  (Table 
V) 


Fig.  2.  The  position  angle  iv)  of  the  major  axis  plot¬ 
ted  as  a  function  of  rotational  phase  over  Jan  17  and 
18,  1982.  At  =  >  -  0,  maximum  light  would  occur, 
and  Herculina’x  longest  axis  would  he  in  the  plane  of 
the  Earth’s  sky  perpendicular  to  our  line  of  sight  The 
line  is  the  position  angle  predicted  from  the  results 
listed  in  Table  V  and  is  superimposed  on  our  measured 
ys.  the  solid  dots 


HERO  UNA’S  I.KiHTO  RVES 

Including  the  1982  apparition,  lightcurves 
have  been  obtained  at  four  oppositions  (Ta¬ 
ble  VI l:  in  1954  (Groeneveld  and  Kuiperl. 
in  1963  (Cham:  and  Chang),  in  1978  (Harris 
and  Young.  1979),  and  in  1982  (indepen¬ 
dent^  b>  M.  Di  Martino  (1984,  private 


communication)  by  Cunningham  (1983)  and 
by  R.  P.  Bin/el — sec  Table  VII  and  below). 
The  four  oppositions  are  summarized  in  Ta¬ 
ble  VI.  For  all  but  the  1978  opposition.  Her- 
culina  displayed  one  maximum  and  one 
minimum  in  ~9  hr.  implying  an  1 8-hr  rota¬ 
tional  period.  However,  in  1978,  Harris  and 
Young  found  two  (and  perhaps  even  three) 


TABl  f  VI 

St  MMARV  Of  PlU  Viol'S  LlGHTCl’RVf  S 


DAI  I 

RA  1 19101 

UK 

Soldi 

phase  angle 

Amplitude 

(magi 

Sub- Earth" 
latitude 

Comments 

Jan  :  |VS4- 

hS)?* 

-  r  to 

4  s 

0  OH 

-29' 

Jan  19-22.  1901 

4  24 

-  1  1  4’ 

17 

0  18 

-  21 

Jun  2V  1 V7K - 

u  <; 

•  2  OH 

20 

0  I' 

+  14 

Second  min.  0.12  mag 
lower  than  primary 

max 

Mar  :o-:v  I9H2 

h  a 

*  72  46 

21  s 

0  is 

-  18 

u  Based  on  polo  location  o!  7*47".  ^ 

*  (irocncvcld  and  Kuiper  ( 19^41 
1  (  hang  and  Chang 

J  Harris  anti  Young  (|9"'9i  Lightcurves  were  obtained  from  Mas  29  through  August  I  bs  Hams  and  Young  at 
I  able  Mountain  and  b\  !  Howell  and  I  Martin  at  Lowell  All  hghtcurves  are  quite  similar,  and  the  Jun  2^ 
aspts!  data  arc  chosen  as  representative  of  the  middle  of  the  period 

R  P  B  (this  paper)  M  Di  Martin. >(  1984.  personal  communication)  obtained  a  similar  0  15-magnitude  ampli- 
tude  lighkurve  f  *r  Jan  2^  *1  .  1982.  as  did  Cunningham  ( 1981)  lor  Pcb  2^  Mar  29.  1982.  but  with  a  slight! \  higher 
amplitude  of  (»  |8  magnitude 
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maxima  and  minima  in  9  hr  .  and  convinc-  leas!  1 00  sec  of  integration  lime  on  the  aste- 
inglv  demonstrated  that  a  9  406  hr  period  roid  and  on  the  comparison  star.  Differcn- 
was  correct.  tial  extinction  was  accounted  for  in  the  re- 

Figure  3  shows  the  lightcurve  con-  duction  using  nightly  determined  extinction 
structed  from  four  nights  of  data  obtained  coefficients.  The  resulting  error  for  each  of 
b\  R.P.B.  in  March  1982.  assuming  a  9.406-  the  observations  is  less  than  0.0!  magni- 
hr  period.  A  two-channel  photometer  was  tude 

used  on  the  0.9 1 -m  telescope  at  McDonald  The  observing  circumstances  for  each  of 
Observatory.  The  second  channel  of  the  the  four  nights  are  presented  in  Table  VII. 
photometer  which  is  described  in  Nather  Phase  angle  and  distance  corrections  were 
( 1973)  was  offset  to  a  nearby  star  to  monitor  applied  in  order  to  place  the  observations 
the  photometric  constancy  of  the  night  .  The  from  the  four  nights  on  the  vertical  scale, 
observations  were  made  differentially  with  No  correction  for  light  time  was  applied, 
respect  to  a  second  nearby  comparison  star 

SAO  060790.  spectral  Type  F5.  All  obser-  A  SP0T  0N  HERCUUNa 

vations  were  made  using  an  uncooled  RCA  In  Fig.  1  it  is  obvious  that  the  lowest  four 
8850  photomultiplier  tube  and  a  standard  B  /3  measurements  are  unreasonably  low  and 
filter  (Schott  385  and  BG  12)  and  were  should  be  excluded  from  a  fit  of  a  uniform 
transformed  to  the  Johnson  B  system  using  smooth  ellipsoid  model.  If  they  are  not  ex- 
solar-type  standards  from  Landolt  (1973)  eluded.  Table  IV  suggests  a  maximum  light- 
The  small  delta  B  V  between  all  of  the  curve  amplitude  of  nearly  0.5  magnitude — 
objects  allowed  second-order  color  terms  unrealistically  large.  In  order  to  assess  the 
to  be  ignored  in  the  reduction.  effect  of  what  a  dark  spot  would  have  on 

Each  measurement  is  the  average  of  at  the  power  spectrum  of  an  asteroid,  we  cal- 
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culated  the  two-dimensional  power  spec- 
trum  of  an  ellipse  with  a  dark  or  bright  spot 
at  various  locations.  It  turned  out  that  the 
biggest  effect  is  caused  by  a  bright  spot.  In 
fact,  the  easiest  way  to  cause  an  underesti¬ 
mate  of  the  size  of  the  minor  axis  in  image 
space  (from  measurements  made  in  power 
spectrum  space)  is  to  place  a  bright  spot  at 
the  end  of  the  major  axis. 

After  several  such  numerical  experi¬ 
ments  we  were  able  to  locate  a  bright  spot 
on  Herculina  that  not  only  qualitatively  ex¬ 
plains  the  speckle  interferometric  measure¬ 
ments.  but  to  a  large  extent  explains  the 
lightcurves  observed.  A  spot  with  the  fol¬ 
lowing  characteristics  is  suggested: 


Asterocentric  latitude 
Asterocentric  longitude 
(measured  in  a  right- 
handed  system  from 
the  longest  axis  in  the 
equatorial  plane) 
Diameter 

Albedo  relative  to  non¬ 
spot  surface 


-35° 

145° 


55°  =  115  km 
1.75 


When  such  a  spot  is  located  on  the  limb, 
midway  between  the  major  and  minor  axes, 
it  causes  us  to  severely  underestimate  the 
minor  axis  (the  first  two  low  fi's  in  Fig.  I) 
and  slightly  underestimate  the  major  axis. 
When  the  spot  is  on  the  tip  of  the  major  axis 
it  not  only  causes  tin  underestimation  of  fi, 
but  also  causes  a  small  overestimation  of  a 
(as  in  the  second  set  of  low  fi's).  When  the 
spot  is  near  the  center  of  the  ellipse,  it  has 
the  least  effect  (the  two  measurements  at  if) 
~  125")  Moreover,  w  hen  the  latitude  of  the 
sub- Earth  point  lies  in  Herculina’s  southern 
hemisphere  (as  in  1954,  1963.  and  1982),  the 
bright  spot  "fills  in"  one  of  the  lightcurve 
minima,  and  when  the  sub-Farth  latitude  is 
in  the  northern  hemisphere  ( 1978),  two  min¬ 
ima  should  he  seen.  Harris  and  Young 
(19791  correctly  interpreted  the  lightcurve 
data  by  concluding  that  "the  pole  orienta¬ 
tion  of  532  Herculina  is  such  that  the  two 
aspects  (196.3  and  1978)  were  both  at 
midlatitudes  but  opposite  hemispheres 


Fic;.  4.  Theoretical  lightcurves  for  four  oppositions. 
Using  the  model  liom  Table  V.  lighlcurves  for  the  four 
epochs  considered  in  Table  VI  are  shown  as  sinusoidal 
solid  lines.  The  dashed  line  is  the  lightcurve  wilh  Ihe 
contribution  from  ihe  bright  spot  included.  Nole  tiow 
the  spot  raises  one  of  Ihe  minima  to  Ihe  level  of  Ihe 
maxima  in  three  of  four  cases.  The  IV7K  lightcurve  was 
Ihe  only  one  obtained  when  Ihe  sub- Kart h  point  was  in 
Ihe  asteroid's  noilhern  hemisphere  (Ihe  spot  is  at  lati¬ 
tude  -35°).  We  urge  Ihe  reader  to  compare  these  light- 
curve  shapes  wilh  Ihe  actual  ones  from  Ihe  references 
listed  in  Table  VI,  but  for  convenience  we  have 
sketched  in  the  observed  (lower  amplitude)  lighl¬ 
curves. 


from  one  another.”  This  is  essentially  what 
we  find  from  our  speckle  observations. 

We  were  able  to  reproduce  the  shape  of 
the  observed  lightcurves  listed  in  Table  VI 
quite  well  by  placing  the  spot  at  longitude 
165  instead  of  145°,  a  difference  that  is  al¬ 
lowed  by  the  simplistic  approach  (a  single, 
uniform,  circular  spot).  Figure  4  shows  the 
lightcurves  generated  with  this  spot,  and 
we  urge  comparison  to  the  observed  ones. 
Our  computer-generated  lightcurves  in¬ 
clude  the  visible  illuminated  area  of  the  as¬ 
teroid  ,  plus  the  contribution  of  the  illumi¬ 
nated  area  of  the  spot  (75%  brighter  than 
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the  rest  of  the  asteroid),  and  takes  into  ac¬ 
count  foreshortening  of  the  spot.  It  is  also 
necessary  to  include  a  Lambertian  term  for 
the  spilt  in  order  to  even  remotely  match 
the  observed  lightcurves,  i.e..  the  foreshort¬ 
ened  illuminated  area  of  the  spot  was  mul¬ 
tiplied  by  the  cosine  of  the  angle  between 
the  asteroid's  radius  vector  to  the  spot  and 
the  asterocentric  position  of  the  Sun.  Al¬ 
though  the  shapes  of  the  lightcurves  agree 
well,  the  computer-generated  lightcurves 
are  an  average  of  0.08  magnitude  greater 
than  those  observed.  But  again  this  may  be 
due  to  our  simplistic  approach  to  what  is 
undoubtedly  a  complex  albedo  structure, 
especially  in  the  southern  hemisphere  of 
Herculina.  If  the  spot  and  the  solar  phase 
angle  are  ignored  in  our  calculated  light- 
curve.  then  the  discrepancy  is  reduced  to 
0.04  magnitude.  A  0. 08-magnitude  ampli¬ 
tude  discrepancy  is  also  less  than  the  range 
in  amplitudes  calculated  by  varying  the  di¬ 
mensions  of  Herculina  by  the  errors  in  Ta¬ 
ble  V. 

AN  AMPLITUDE/ ASPECT  CHECK 

As  a  check  of  the  consistency  of  our  esti¬ 
mates  for  the  dimensions  and  pole  of  Her¬ 
culina.  we  performed  a  simple  amplitude/ 
aspect  analysis.  Using  the  dimensions  from 
Table  V  of  263  x  218  x  215,  ignoring  the 
effect  of  the  solar  phase  angle,  and  disre¬ 
garding  the  spot,  the  amplitude  can  be  ex¬ 
pressed  as  the  ratio  of  maximum  to  mini¬ 
mum  projected  area  and  is  a  function  of 
aspect  (90°  -  0)  only.  For  amplitudes  (A) 
converted  to  a  linear  scale,  the  sub-Farth 
latitude  (//)  can  be  found  from 

tan’’//  =  <-'( A~b i  -  u-)[<;:/’-'(  I  --  A-)|. 

where  a,  b.  and  r  are  the  triaxial  diameters 
From  observed  amplitudes  (Table  VD  and 
our  dimensions,  we  convert  each  lightcurve 
amplitude  to  a  0.  We  then  plot  the  position 
of  the  asteroid  on  the  celestial  sphere  and 
draw  a  circle  around  il  of  radius  90"  -  I) 
Ideally.  -once  the  pole  must  lie  somewhere 
on  each  circle  all  the  circles  should  inter 
sect  at  the  location  of  the  pole.  I  igme  5 


Fig.  V  A  (a <iphic.il  repievenlation  of  the  amplitude/ 
aspect  analysis  for  Herculina  On  (lie  celeslial  sphere 
(nole  the  soulh  celestial  pole  and  Ihe  solid  equaloil. 
lipped  so  lhal  our  pole  at  7I’47"’,  -  W,  is  directly  he 
nealh  us  (the  pi  us  i .  each  curve  (derived  from  Ihe  am¬ 
plitudes  in  Table  VI  and  Ihe  dimensions  in  T  able  V)  is 
drawn  centered  on  Ihe  position  of  Ihe  asteroid  al  the 
lime  of  Ihe  observations  The  I9H2S  curve  comes  liom 
our  own  speckle  observation  Nole  Ihe  intersection  of 
Ihe  19/A  curve  with  our  pole,  and  Ihe  intersection  of 
the  1954.  I97K,  and  I9K2  curves  some  20"  away  al 
6S48'",  -24°. 

shows  four  circles  from  the  four  lightcurves 
of  Table  VI.  as  well  as  the  circle  from  our 
own  speckle  observations. 

In  fact,  the  speckle  results  not  only  give  a 
circle  but  indicate  where  on  the  circle  the 
pole  lies.  We  have  tipped  the  celestial 
sphere  so  that  the  location  of  this  pole  at 
7h47m,  -39°.  lies  al  the  center  (a  plus).  The 
circle  from  the  1963  lightcurve  intersects 
the  speckle  (I982S)  curve  at  precisely  this 
point,  while  the  three  other  lightcurves  in¬ 
tersect  at  6h48"\  -24°.  a  difference  of  20". 
We  feel  this  is  good  agreement  and  adds 
confidence  to  our  results  for  Herculina. 

A  SATELLITE? 

The  possibility  of  a  satellite  orbiting  Her¬ 
culina  was  suggested  by  a  secondary  event 
observed  during  a  stellar  oeeultation  in  1978 
(Howell  cl  al..  1978;  Van  Flandern  cl  al.. 
1979).  However,  no  indications  of  a  satel¬ 
lite  could  be  found  at  any  rotational  phase 
from  our  speckle  observations  (i.e.,  no  in¬ 
terference  fringes  were  seen  in  the  power 
spectra).  According  to  the  diameter  and  or¬ 
bital  radius  of  the  hypothetical  satellite 
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Fit,,  ft.  S'2  Hereulina  on  Ian  I"  and  IX.  1982.  North  is  indicated  on  the  first  "frame."  hath  frame 
shows  Herculin.i’s  south  pole  and  equator,  the  ellipse  idashed)  as  measured  by  speckle  interferometry, 
and  the  location  of  the  bright  spot  idottedi  with  its  center  denoted  by  a  latce  dot  In  the  last  two  frames 
the  bright  spot  is  on  the  other  side  of  the  asteroid  The  spot  is  slightly  huger  than  the  resolution  disc  of 
It  O'  for  the  2  5-m  telescope  The  order  of  the  frames  -n  this  figure  is  chronological.  The  last  two  frames 
here  correspond  to  the  first  two  in  Tigs.  1  and  2.  the  first  frame  here  is  point  3  in  the  earlier  figures, 
frame  2  is  point  4,  etc 


(50-  and  IOOO-km  separation),  it  should 
have  been  continuously  within  our  2'.'5  field 
of  view  We  can  therefore  sei  an  upper  limit 
for  the  diameter  of  an  object  with  the  same 
albedo  as  Hereulina  at  0.05  =  50  km,  and 
for  a  satellite  wuh  an  albedo  757f  brighter, 
corresponding  to  the  albedo  of  the  bright 
spot,  an  upper  limit  of  40  km.  Our  observa¬ 
tions,  then,  lead  to  the  conclusion  that  if  a 
satellite  exists  for  Hereulina,  it  is  probably 
smaller  than  previously  suggested. 

St  M M  \ R V 

By  modeling  Hereulina  as  a  triaxial  ellip¬ 
soid  with  a  large  bright  spot  in  its  southern 
hemisphere,  we  have  been  able  to  explain 
its  lightcurves  and  its  speckle  interferomet¬ 
ric  observations  Figure  6  summarizes  our 
results  by  combining  the  information  from 
I  igs  I  and  2  At  the  rotational  phase  of 
each  speckle  measurement,  the  predicted 
projected  ellipse  from  the  ellipsoid  in  T  able 
\  is  show  n  (solid  line  ellipse),  as  well  as  the 
measured  ellipse  (dashed),  the  bright  spot 
(dotted  i  and  its  center,  and  the  asteroid's 


south  pole  and  equator.  In  the  last  two 
frames  the  bright  spot  is  not  visible  but  its 
center  is  shown  on  the  other  side  of  the 
asteroid.  Note  the  correlation  between  the 
location  of  the  bright  spot  and.  in  particu¬ 
lar,  the  size  of  the  minor  axis  of  the  mea¬ 
sured  ellipse;  the  greatest  effect  occurs 
when  the  spot  is  on  the  limb. 

We  predict  that  if  colorimetry  or  polarim- 
eiry  had  been  performed  during  any  of  the 
lightcurves  from  Table  VI,  except  1978, 
there  would  have  been  variation  with  rota¬ 
tion  because  of  the  spot.  By  the  same  token 
we  predict  one  maximum  and  minimum 
during  one  rotational  cycle  and  variations 
in  color  and  polarization  over  the  rotational 
cycle  when  the  sub-Harlh  point  lies  in  the 
southern  hemisphere  of  Hereulina.  This 
will  occur  around  the  November  1985  op¬ 
position  when  0  will  be  -25  .  During  the 
July  1988  opposition,  since  the  sub-Earth 
point  will  lie  in  Hcrculina's  northern  hemi¬ 
sphere  ( -t  23").  two  maxima  and  two  minima 
w  ill  be  seen,  and  little  if  any  color  or  polar¬ 
ization  variation  with  rotation  will  be  seen. 
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.40 

In  IMS’  and  ! 0;\0 ,  i ho  l.ilitiidcs  will  he  *  7 
and  S  .  lespeelivch,  and  !he  situation  will 
he  intermediate. 
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51 1  David. i  was  observed  with  the  technique  of  speckle  interferometry  at  Steward  Observatory  \ 
2  3*m  telescope  t>n  Mav  3.  |9s2  Assuming  Davida  to  be  a  featureless  triaxial  ellipsoid,  based  on 
rive  "’-min  observatum*  its  triaxial  ellipsoid  dimensions  and  standard  deviations  were  found  to  be 
1 465  r  90i  •  1 35X  -  ^X»  *  <  25S  *  356)  km  This  shape  is  close  to  an  equilibrium  figure  (a 
grav  nationally  shaped  "rubble  pile  *“)  suggesting  a  density  of  1.4  ±  0  4g/cm\  Simultaneously  w  ith 
the  tnaxia!  solution  fi»r  the  si /e  and  shape  of  Davida.  we  found  its  north  rotational  pole  to  lie  within 
29  oi’RA  IWIK' .  Dec  -I*  (A  -  291  ,/i-  +  37cj.  If  Davida  is  assumed  lo  be  a  prolate  biaxial 
ellipsoid,  then  its  dimension*  were  found  to  be  (512  z  lOOi  x  (334  *  39)  km.  with  a  north  pole 
wtlhin  16  of  RA  l(f52n.  Dec  -  -  16  (A  =  322  .  =  +32°).  We  denve  and  apply  to  Davida  a 

new  simultaneous  amplitude-magnitude  (SAM)-aspecl  method,  rinding,  from  photometric  data 
only .  axial  ratios  of  a  h  125  *  02. =  1 . 14  ±  .03.  and  a  rotational  pole  within  4' of  A  307.0 
*32’  VXe  also  derive  a  (weighted)  linearized  form  of  the  amplitude-aspect  relation  to  obtain 
axial  ratio*  and  a  pole  However,  amplitudes  must  be  known  to  better  than  .01  if  the  b  i  or  a  < 
ratios  are  desired  to  better  than  1  (Yi.  Combining  the  speckle  and  SAM  results,  we  rind  for  the 
Gehrels  and  Tedesco  phase  function  a  geometric  albedo  of  033  i  (H)9  and  foi  the  Lumme  and 
Rowell  function  041  *  Oil.  foi  a  unified  model  of  437  x  350  >  307  km.  Differences  between  the 
photometric  and  speckle  axial  ratios  and  pole*  aie  probably  due  to  the  effects  of  albedo  structure 
over  the  asteroid,  detail*  on  individual  hghtcurves  support  this  conclusion.  <  a^kIc «r..*  Puss  iru 


IN  I  RODl  C  l  ION 

In  order  to  find  its  triaxial  dimensions 
and  the  direction  of  its  angular  momentum 
vector  (its  spin  axis)  we  have  obtained  five 
speckle  interferometric  observations  of  the 
sixth  largest  (Zellner.  1979)  minor  planet, 

5 1 1  Davida.  Zappala  and  Kne/cvic  (198b) 
have  applied  the  amplitude-magnitude-as- 
pect  relationship  (Zappala  cl  a!.,  1983;  Zap¬ 
pala  and  Kne/evic.  1984)  to  lightcurvcs  of 
Davida  extending  hack  to  1932  We,  too, 
derive  and  apply  a  new  simultaneous  ampli¬ 
tude- magnitude-aspect.  and  a  weighted 
amplitude-aspect,  method  to  the  extensive 
photometric  data  of  Davida.  These  meth¬ 
ods  lead  to  an  independent  photometric 
determination  of  the  location  of  Davida’s 
spin  axis  and  its  axial  ratios,  whereas 
speckle  interfcrometi  v .  being  a  high  angu- 
iai  resolution  technique,  follows  the  chang 
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ing  size,  shape,  and  orientation  of  the  pro¬ 
jection  of  the  asteroid  to  deriv  e  its  pole  and 
dimensions. 

For  image  modeling  and  photometric 
purposes,  an  asteroid  is  assumed  to  be  a 
triaxial  ellipsoid  rotating  about  its  shortest 
axis  (a  262  r),  smooth  (no  large  craters, 
mountains,  etc.),  featureless  (no  albedo 
variations),  and  uniformly  bright  (scatters 
geometrically ).  Such  an  ellipsoidal  model 
asteroid  projects  as  an  apparent  ellipse  of 
uniform  brightness  on  the  plane  of  the 
Earth’s  sky.  The  two-dimensional  image 
autocorrelation  function  of  a  uniformly 
bright  ellipse  has  the  same  shape  and  orien¬ 
tation  (but  twice  the  si/e)  as  the  ellipse  it¬ 
self.  The  corresponding  image  power  spec¬ 
trum  also  has  the  same  elliptical  shape,  hut 
appears  rotated  90  because  of  the  recipro¬ 
cal  relation  between  image  extent  and  spa¬ 
tial  frequency.  The  projected  figure  of  ihe 

(Ml  1  Si  IIIIV  fih  V.  (HI 
t  «»r\ » ■  IMhr.  A,  ailem  ,  |»n  -  •  |.u 
A'1  «**  rep^nluLii.Aiv  i-,  „  v  reset *r4 
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real  asteroid  on  the  plane  ot  the  faith's  skv 
is  thus  ch.nuA.tcri/ed  bv  the  lit  of  an  ellipti¬ 
cal  model  to  the  obscived  inia.ee  autocorre¬ 
lation  function  01  image  power  speed  uni 
data  This  Melds  the  observed  nta|oi  axis 
dimension  lot.  minoi  axis  dimension  (gi). 
and  position  angle  ot  the  maiot  axis  (y)  for  a 
particular  time  in  the  asteioid's  rotational 
cycle  The  equations  lel.iting  the  observed 
elliptical  parameters  i(I.  /).  -yi  tot  a  series  ot 
rotational  phase  tingles  to  the  three  axes 
dimensions  and  pole  direction  of  the  tnaxial 
ellipsoid  ate  given  bv  Drummond  <7  al. 
l|98\i)  Thus.  a  nonhneai  least-squares 
routine  is  applied  to  a  senes  ot  to.  g(.  y!  and 
yields  simultaneously  six  paiameteis:  the 
three  axes  dimensions,  two  Hitler  angles  (It. 
the  sub-Hart h  point  latitude,  and  tie,,  the 
/ere'  point  in  the  rotational  cvclel.  and  the 
obliquity  t/>.  the  protected  angle  between 
the  asteroid's  north  pole  and  the  ecliptic 
north  pole;  see  Appendix  I  ot  Drummond  cl 
al  .  1985a). 


OBSt  KV  A  I'lONS  AND  HI  NUTS 


On  May  3.  1982.  with  the  2  3-m  telescope 
of  Steward  Observatory  and  the  speckle 
camera  and  equipment  Described  by  Hege 
et  a!  (1982).  five  7-min  speckle  observa¬ 
tions  of  Davida  were  made,  each  observa¬ 
tion  being  preceded  by  an  observation  of 
one  nearhv  star,  and  followed  bv  anothei 
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observ  ation  of  a  second  stai  The  coadded 
power  spectra  of  Davida  for  each  7  min 
were  divided  by  the  power  spectra  of  the 
flanking  stars  in  order  to  remove  the  tele¬ 
scope  modulation  transfer  function  and  the 
seeing  (Hege  cl  al..  1982;  Drummond  el  al.. 
1985u,  I985/>).  The  aspect  data  for  Davida 
on  May  3,  1982,  is  given  in  Table  I. 

Table  II  gives  the  six-parameter  fit  to  the 
15  equations  of  condition  (five  a's.  five  fi\. 
and  five  y's)  and  the  normalized  correlation 
matrix  As  for  most  nonlinear  least-squares 
routines,  our  program  tadopted  from  Jef- 
ferys.  1980.  1981 )  linearizes  about  the  resid¬ 
uals.  The  errors  for  the  parameters  can  then 
be  computed  directly  during  the  solution  of 
the  equations  of  condition.  Tor  433  Hros 
(Drummond  cl  al  198.^)  and  532  Hercu- 
lina  (Drummond  el  al. .  1985b).  the  errors  so 
computed  appear  to  be  reasonable.  How¬ 
ever.  for  Davida  they  are  unreasonably 
large,  especially  for  the  smallest  dimension. 
< ,  because  at  certain  orientations  of  the  as¬ 
teroid.  the  residual  space  (or  hyper- 
space)  is  quite  convoluted  and  ev  en  discon¬ 
tinuous.  As  explained  by  Drummond  cl  al. 
(1985a).  at  certain  configuiations.  when 
cos:H  ->(«-'  />').'( u-  < :),  the  projection  of 

the  asteroid  will  appeal  to  reverse  direc¬ 
tions  as  the  asteroid  rotates  Neat  this  con¬ 
figuration  a  small  change  in  anv  ol  the  six 
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parameters  during  the  iterations  vs  ill  result 
in  a  large  change  in  the  predicted  position 
angles,  and  thus  in  the  residuals.  In  other 
words,  the  derivatives  of  the  parameters 
with  respect  to  the  observables  can  ap¬ 
proach  infinity  at  certain  points  in  the  rota¬ 
tion  The  errors  computed  in  such  a  situa¬ 
tion  may  not  be  realistic.  For  instance,  the 
minimum  in  the  hyperspace  results  in  the 
solution  that  appears  in  Table  II.  but  the 
formal  error  tor  <  of  ±356  km  implies  that 
our  data  allow  <•  to  be  negative. 

Table  III  gives  the  five-parameter  solu¬ 
tion  and  correlation  matrix  lor  the  prolate 
spheroid  case  th  -  i  ).  Since  the  projected 
figure  of  a  biaxial  ellipsoid  can  never  re¬ 
verse  direction  of  rotation,  the  hyper¬ 
space  is  not  warped,  and  there  are  no  prob¬ 
lems  finding  the  solutions  or  computing  the 
errors.  The  standard  errors  of  fit  for  the  tri- 
axial  (106  kml  and  biaxial  (100  km)  solu¬ 
tions  do  not  allow  a  clear  choice  between 
the  two. 

In  Fig  1.  we  show  the  measured  a  s  (up¬ 
per  filled  circles)  and  /3's  (lower  open  cir¬ 
cles).  as  a  function  of  rotational  phase  for 
our  triaxial  solution.  The  upper  line  is  the 
predicted  a  from  the  solution  in  Table  II. 
and  the  lower  line  is  the  predicted  (3 .  Figure 
2  shows  the  measured  (circles)  and  pre¬ 
dicted  (line)  y's.  To  illustrate  the  problem 
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Fit;  1  Measured  major  <ul  and  minor  (fit  avis  di¬ 
mensions  (solid  and  open  dots,  respectively  I  for  the 
iriaxial  solution  of  Table  II  as  a  function  of  rotational 
phase  for  511  Davidaon  Mas  5,  W82  The  upper  line  is 
the  least-squares  fit  to  the  major  avis  dimensions  and 
the  lowc.  line  in  the  simultaneous  (it  to  the  minor  avis 
dimensions.  Mavimum  area  Imuvjmum  light)  occurs  at 
rotational  phase  O'  and  ISO 

caused  by  the  weird  shape  of  the  residual 
space,  Fig.  3  results  from  using  the  solution 
of  Table  11.  but  changing  the  latitude  of  the 
sub-Earth  point,  0,  by  1°  from  -.39  6  to 
-40?6.  In  Fig.  2,  cos:0  >  («:  -  b2)/(a2  -  c:) 
and  the  condition  for  rotation  reversal  of 
the  projected  ellipse  is  satisfied.  In  Fig.  3. 
cos:0  <  (a:  -  b-)!(u~  -  c:)  and  the  ellipse 
does  not  reverse  directions.  Figures  4  and  5 


The  error  radni'  around  each 
solution  is  U* 

Normalized  lonHufion  nuxtrix 
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Fit.  2  Measured  relative  position  angles  (dots)  of 
the  major  axis  and  the  simultaneous  (along  xxith  the 
data  in  Pig  1)  least-squares  fu  It'  the  measured  posi¬ 
tion  angles  (>)  for  the  triaxial  solution  of  Table  II  as  a 
function  of  rotation  on  Max  V  I9S2  At  rotational 
phase  0  and  |K0  maximum  area  is  reached,  and  a  is 
perpendicular  to  our  line  of  sight.  King  unforeshort 
cned  in  the  plane  of  the  Farth’s  sk>  Note  th.it  the 
position  angle  rev erses  direction  near  minimum  light  at 
rotational  phases  90  and  90 
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Fi(.  3.  Same  a>  Fig  2  but  the  latitude  of  the  sub 
Earth  point  tfl’  ha**  been  changed  h\  one  device  L'n 
like  m  Eig  2.  for  ihi"  .ispeet  the  asteroid  would  not 
appear  to  reverse  ducvtum*  during  rotation.  The  one 
degree  change  in  h  result'*  in  a  U.fge  change  to  the 
structure  of  the  residua!'*  (see  text » 


show  the  same  information  as  in  Figs.  I  and 
2,  hut  for  the  biaxial  solution  in  Table  111. 

DAVIDA  AS  A  Rl'BBl  I  f’ILH 

A  partieular  subset  of  triaxial  ellipsoid 
figures  is  allowed  if  a  body  is  in  hydrostatic 
as  well  as  gravitational  equilibrium.  The 
shape  of  such  objects  is  maintained  by  grav  ¬ 
ity  only  since  they  have  no  internal  strength 
(Chandrasekhar,  1969;  Weidenschilling. 
1981 1.  If  an  asteroid  suffers  a  catastrophic 
collision,  it  is  possible  that  reaccumulation 
could  occur  among  the  ejecta  with  relative 
velocities  less  than  the  escape  velocity  of 
the  largest  remnant  iZappala  et  al..  1984).  If 
such  rubble  piles  behaved  like  perfect  fluids 
(Davis  et  al.,  1979).  they  would  form  a  par- 
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F k.  4  Same  a>  fig  I  bur  h>i  »he  biaxial  soluiion  ot 
Table  III 


Fk.  *  Same  av  Fip  2  bin  ft  i  l he  biaxial  *olution  of 

Table  III 


ticular  triaxial  ellipsoid  equilibrium  figure 
that  is  a  function  only  of  its  angular  momen¬ 
tum. 

Within  the  errors,  our  determination  of 
the  triaxial  shape  of  Davida  suggests  the 
possibility  that  it  could  be  such  an  equilib¬ 
rium  figure,  and  since  we  know  its  volume 
and  rotation  period  it  is  possible  to  find  its 
mean  density  as  was  suggested  by  Farinella 
et  al.  (1981)  Following  their  lead,  we  note 
that  for  the  equilibrium  figure  of  465  x  377 
x  244,  which  falls  within  the  errors  of  our 
observations,  and  has  the  same  long  dimen¬ 
sion  and  volume  as  the  solution  from  Table 
li.  a  rotational  period  of  5.1297  hr  (Zappala 
and  Knczevic.  1986)  leads  to  a  mean  den¬ 
sity  of  1.4  *  0.4  g,cm\  This  density  is 
rather  low  and  could  mean  that  there  is  sub¬ 
stantial  void  space  within  the  asteroid,  or 
for  that  matter,  may  suggest  that  Dav  ida  is 
not  a  rubble  pile  after  all.  A  prolate 
spheroid  is  not  an  equilibrium  figure,  and  so 
we  do  not  address  the  issue  for  the  solution 
in  Table  111. 


PHOTOMETRY 

When  the  solar  phase  angle  (w)  is  less 
than  substantial,  there  is  a  two-fold  ambigu¬ 
ity  in  determining  the  pole  direction  from 
the  changing  si/e.  shape,  and  orientation  of 
the  projected  ellipses  However,  this  rr.  77 
-  tt  ambiguity  (Drummond  el  al..  1985a) 
which  is  manifest  as  a  choice  between  two 
obliquities,  and  therefore  two  poles  can 
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TABLE  IV 

Magnitudes  and  Amplitudes 


Date 

1950 

Ecliptic 

Solar 

phase  angle 
(or) 

Max 

V*(l,w) 

Min 

V’(  1  .tv) 

Amp 

Sourc 

Long 

Lat 

Jan  26, 

1952 

1 12C 

v  3 

5T) 

6.55 

6.61 

.06 

->52' 

1 

Apr  8. 

1953 

200 

+  22 

6  6 

6  72 

6  97 

.25 

+  2 

1 

Jan  26. 

1958 

147 

+  12 

8  1 

6.72 

6.81 

.09 

-42 

2 

Dee  5, 

1962 

63 

-17 

6  9 

— 

— 

14 

+  31 

3 

Dec  30. 

1968 

100 

-4 

1  65 

6  35 

6.43 

08 

4.  52 

4 

Mar  21, 

1970 

195 

+  22 

7.8 

6.82 

7.07 

.25 

+  6 

4 

Aug  7, 

1972 

304 

-7 

3.6 

6.48 

6.54 

.06 

-51 

4 

Oct  31. 

1979 

60 

-20 

10  7 

6.86 

7.04 

,18 

+  30 

5 

Nov  12, 

1979 

59 

-20 

7,9 

6.73 

6.91 

.18 

->  29 

5 

Dec  6, 

1979 

52 

-18 

10  0 

6.83 

7.00 

.17 

+  22 

5 

Dec  17. 

1979 

51 

-17 

12.8 

6.96 

7.15 

.19 

4  22 

5 

Jan  3. 

1980 

50 

-14 

17.2 

7.13 

7.31 

.18 

+  18 

5 

■  Based  on  a  pole  at  k  =  30'7.  8  =  -  .12. 

'Mil  Groeneveld  and  Kuiper  (19541  (2)  GchreK  and  Owings  ( I  yf>2 ) .  ( 2 1  Chang  and  Chang 
i  1963)  Contrary  to  the  12  mag  amplitude  that  the  authors  list  for  their  lighlctirve.  we  estimate 
an  amplitude  more  like  .14.  (4i  Veselv  and  Taylor  (1985).  The  average  Between  the  Dee  29  and 
Dee  30  position,  iu.  L„.  and  amplitude  is  used  (5)  Zappala  and  Knc/evic  (I98S)  Although  the 
paper  shows  only  a  composite  lighteuree.  see  haee  inspected  the  individual  lighteurves,  kindly 
provided  hy  the  authors,  and  listed  the  relevant  parameters  for  each  individual  lightcurve. 


easily  be  resolved  by  considering  lightcurve 
data.  We  compare  the  observed  lightcurve 
amplitudes  in  Table  IV  to  our  predicted  am¬ 
plitudes  using  the  axial  dimensions  and  pole 
1  in  Table  II.  The  RMS  deviation  from  the 
observed  amplitudes  is  .05  mag.  whereas 
with  pole  2  it  was  found  to  be  14  mag.  The 
choice  between  the  two  pole  solutions  is 
obvious. 

Next  we  derive  and  apply  yet  an¬ 
other  magnitude-amplitude-aspect  rela¬ 
tion  Several  versions  of  the  principle  arc 
currently  used.  eg..  Zappala's  ampli¬ 
tude-magnitude  (AM:  Zappala  cl  al..  19X3: 
Zappala  and  Knezcvic.  19X4).  Tedesco 
and  Taylor  s  (19X5)  magnitudc-amplitudc- 
shape-aspect  (MASA).  Rosptcs/alska  Sur- 
de j  and  Surdej  s  (19X5)  amplitude-aspect 
relationships,  or  Magnusson's  (19X5)  com¬ 
bination.  To  distinguish  out  new  technique 
we  dub  our  method  the  simultaneous  ampli¬ 
tude-magnitude  (SAM)  relation.  Adopting 
the  assumptions  from  the  introduction  of 
this  paper,  the  square  of  the  amplitude 


(converted  from  magnitudes  to  a  linear 
scale)  of  an  asteroid's  lightcurve  is  given  as 
the  ratio  of  maximum  to  minimum  pro¬ 
jected  area  squared: 

R2  =  (A  +  B  cos26)I(A  +  Ccos:6>)  (1) 

where  A  =  a2b: ,  B  =  a:c2  -  crb:,  and  C  = 
b:c 2  -  a2b2.  The  latitude  of  the  sub-Earth 
point.  0,  comes  from 

stn  tt  -  -|cos(A  -  Ap)cos  8  cos  8r 

+  sin  8  sin  8r], 

where  A.  8  and  Ap.  8r  are  the  known  celes¬ 
tial  or  ecliptic  coordinates  of  the  asteroid 
and  the  unknown  coordinates  of  the  aster¬ 
oid's  pole,  respectively. 

Unlike  photometric  astrometry  (Taylor. 
1979:  Taylot  and  Tedesco.  19X3),  which 
takes  advantage  of  the  movement  of  the 
sub-Earth  point  across  lines  of  longitude 
on  the  asteroid  to  derive  a  pole  direction, 
all  amplitude-magnitude-aspect  methods, 
which  take  advantage  of  the  movement  of 
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the  sub-Furth  point  across  lines  of  latitude 
on  the  asteroid,  are  model  dependent  in 
that  they  are  a  function  not  only  of  the  loca¬ 
tion  of  the  pole  but  of  the  axial  ratios  as 
well  With  a  nonlinear  least-squares  solu¬ 
tion  of  Eq.  (II  for  ub,  ai\  be.  A.p.  and  Sr  (or 
A.  B,  C,  AP.  and  <$r)  one  could  find  irib2  = 
(A  +  B)I(A  +  C).  '  b'c'-  =  A '(A  +  B).  a2 1 
c2  =  A/(A  +  O  and  Ar.  Sr  A  separate  solu¬ 
tion  of  the  numerator  in  (1),  using  l,, (1,0) 
converted  to  intensity  (the  magnitude-as¬ 
pect  i elation),  would  yield  only  h2/c‘  =  Al 
(A  +  B)  and  a  pole  position,  if  the  ampli¬ 
tudes  are  not  available.  Thus  two  separate 
determinations  of  b2/c:  and  the  pole  are 
made  with  the  amplitude-aspect  [Eq.  (1)] 
and  the  magnitude-aspect  methods. 

Another  way  of  attacking  the  problem  is 
to  use  a  grid  of  possible  poles  and  axial  ra¬ 
tios  to  find  the  combination  that  minimi/es 
the  residuals  between  observed  and  pre¬ 
dicted  amplitudes  and  maximum  intensi¬ 
ties.  Our  new  method,  however,  uses  a  lin¬ 
ear  least-squares  technique  to  find  the  axial 
ratios  from  a  grid  of  possible  poles,  thus 
eliminating  the  necessity  of  sampling  a  grid 
of  axial  ratios.  First,  if  only  amplitudes  are 
considered,  then  by  manipulating  (I),  we 
can  form  a  linear  amplitude-aspect  relation 

</?:  -  1)  1  A  -t  /  tan'ft  (2) 

and  solve  for  k  and  /  for  each  trial  pole, 
where  k  -  (4  +  CUB  -  C)  and  I  A/{8  - 
C).  and  thus  a2ih2  -  (A  •  \)tk.b:n  -  /'( A  + 
1).  and  a2 ic2  ~  Vk.  The  pole  and  the  result¬ 
ing  A  and  /  that  minimize  the  residuals  be¬ 
tween  '‘observed"  and  predicted  (B:  -  1)  1 
are  chosen  as  the  best  solution.  The  draw¬ 
backs  to  this  method  are  that  it  is  a  nonlin¬ 
ear  relation  between  the  observable  quan¬ 
tity  B  and  the  independent  variable  IK  and 
that  it  must  be  weighted  to  compensate  for 
the  distortion  of  the  assumed  equal  uncer¬ 
tainties  in  amplitudes  when  the  amplitudes 
are  transformed  to  t.R:  -  I)  ’.  However.  (2) 
is  the  simplest  linear  statement  of  the  am 
plilude-aspcct  relation 

If  both  V n  and  an  amplitude  for  a  given 
epoch  are  provided  then  it  is  possible  to 


convert  the  maximum  and  minimum  light  to 
intensities  squared.  X2  and  A’:,  respec¬ 
tively.  Two  linear  combinations  of  these 
quantities  yield  two  equations  to  solve  for 
three  unknowns.  Adding  and  subtracting 
the  numerator  and  denominator  in  ( I )  yields 

X2  +  V-’  =  A  +  L  cos 26  (3) 

X2  -  A'2  -  M  cos:0  (4) 

A  linear  least-squares  solution  of  these 
equations  for  each  trial  pole  is  made,  and 
again  the  pole  giving  the  lowest  vector  sum 
of  the  residuals  in  (?)  and  (4)  is  chosen.  The 
corresponding  K,  L,  and  M  give  the  axial 
ratios: 

K  +  L  +  M  A  +  B 

b2  =  A  +  L  -  Tf  =  A  +  C 

a 2  __  K  A 

c2  ~  A  +  L  -  M  ~  A  +  C 

tr  =  A  A 

r*  A  +  L  +  M  A  -i  B 

The  advantage  of  this  amplitude-magni¬ 
tude-aspect  method  is  that  a  linear  least- 
squares  estimate  is  made  for  the  unknow  ns. 
which  yield  axial  ratios  for  the  pole  giving 
the  lowest  residuals  for  all  the  available  in¬ 
formation  simultaneously. 

We  now  apply  this  new  method  iSAMl 
by  selecting  the  1 1  amplitudes  i  Table  IV 
for  Davida  that  have  a  corre>  uding  \„. 
But  first,  we  use  all  the  V  ( I  .oil  s  in  Table  IV 
to  construct  the  standard  solar  phase  func¬ 
tion  plot  of  \  (l.ai)  v  >  (u.  and  show  this  as 
Fig.  (6).  For  u)  »  T.  we  fit 

V(I.O)  4  [iu,  =-  V(l. w), 
and  for  w  <  1  .  we  fit 
V(I.O)  4  (i{T) 

-  ,5?X  ,I34cu'n  -1  VO.oi), 

in  accordance  with  the  opposition  effect  as 
formulated  by  (iehrcls  and  Tedesco  (1979). 
for  which  we  find  1(1.0)  -  6  40(4.04)  ■+ 
<a.04A(  *  .004).  with  an  RMS  deviation  from 
the  solid  line  of  .044  mag  If  we  choose  the 
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Fui  b  Standard  (b  assumed  equal  to  <  )  solar  phase 
plot  of  0  <from  Table  IVi  solar  phase  anjtle  The 
data  from  Table  IV  is  plotted,  and  the  results  are  given 
in  Table  VI  under  the  speekle  (bi)  entry  A  biaxial  t b  - 
<1  ellipsoid  model  implies  that  no  change  in  V'tl.O) 
occurs  with  a  change  in  aspect 


Lumme  and  Bowell  (1981a.  1981b;  Bowcll 
and  Lumme,  1979)  phase  function  descrip¬ 
tion.  we  fit 

10  41 1"-"  =  E  +  tr) 

where  the  magnitude  at  zero  solar  phase 
angle  m{ 0)  =  -2.5  log  t.  the  multiple  scat¬ 
tering  parameter  Q  =  1  +  EE.  and  the  inde¬ 
pendent  variable  rj  -  sin  w  (.  124  +  1.407  sin 
a i  -  .758  sin-’cu).  For  Davida  we  derive  m(0) 
=  6. 1 3( cr  .02)  and  Q  =  0.045(_.055)  with  an 
RMS  scatter  of  0.033  mag  (Fig.  6).  Both 
methods  describe  the  data  adequately. 

Implicit  in  the  standard  phase  plot  (Fig. 
6)  is  that  bk  ~  I,  that  the  maximum  area 
does  not  change  with  b.  But  let  us  attribute 
the  residuals  in  Fig.  6  to  differences  in  6  at 
various  oppositions,  and  convert  each  re¬ 
sidual  to  an  intensity.  Then  using  the  II 
residuals  that  have  corresponding  ampli¬ 
tudes  in  Table  IV',  we  can  derive  1 1  (,Y:,A':) 
pairs  for  input  into  the  SAM  method  The 
only  data  that  is  excluded  is  the  1962  ampli¬ 
tude  for  which  a  \'n  was  not  found.  Next  we 
construct  a  grid  of  pole  positions  at  T  inter¬ 
val--  in  both  ecliptic  longitude  and  latitude 
and  solve  for  A  and  /  for  each  pole.  The 
solution  which  yields  the  lowest  residuals 
in  \  tR'  -  I  I  is  chosen.  With  this  pole  and 
hi  ratio,  we  then  convert  each  L„  to  the 
brightness  as  viewed  from  above  the  same 
asterocentric  latitude,  e  g  .  from  over  the 


pole  or  above  the  equator,  and  correct 
these  new  magnitudes  for  solar  phase  angle 
effects  by  constructing  another  solar  phase 
angle  plot.  We  then  repeat  the  process  by 
converting  the  new  residuals  to  (.Y’./Y?) 
pairs  for  input  into  the  SAM  method,  read¬ 
just  the  IV s  with  the  new  pole  and  b'c  ra¬ 
tio,  etc.  Iterating  between  the  solar  phase 
angle  fit  and  the  SAM  method  until  no 
change  occurs  in  the  parameters  assures 
that  the  residuals  are  minimized  with  re¬ 
spect  to  both  the  solar  phase  angle  and  the 
aspect  (90"  -  b). 

We  find  solutions  for  both  our  SAM 
method  |Eqs.  (3)  and  (4)].  and  for  the  ampli- 
lude-aspect  relation  as  given  by  (2).  Bev- 
ington  (1969.  p.  18(1)  suggests  that  when  a 
nonlinear  equation  is  transformed  to  a  lin¬ 
ear  equation,  the  equations  of  condition 
should  be  weighted  In  our  case,  this  means 
that  (2)  should  be  weighted  by 

d(R:  -  1)  1  ;  (R:  -  l)4 

JR  R: 

Table  V  gives  the  pole  and  axial  ratios  for 
the  SAM  and  weighted  amplitude-axpecl 
(WAA)  methods,  along  with  the  errors  as 
found  by  a  formal  analysis  of  the  propaga¬ 
tion  of  the  uncertainties  in  the  coefficients 
K.  L.  and  M.  or  k  and  /.  generated  from  the 
linear  least-squares  routines.  For  instance 
the  error  in  the  ak  ratio  using  (2)  is 

rl(alc)  riil'k  )' : 

(Ta,‘ =  d^JF) (Ta2,:  =  ~mrr au 

—  ‘(A'tj;  +  / -rr f ) 1  - . 

The  RMS  error  for  the  location  of  the  pole 
arises  from  the  differences  between  the  fl's 
calculated  from  the  given  pole  and  from  in¬ 
verting  (2): 


6  =  tan 


(R:  -  1)  1  -  A 1 ' ; 
/ 


.  <-'//>-  -  R'c:ta'  1 : 

-  .an  a,::T  . 

The  RMS  amplitudes  (converted  back  to 
magnitude  from  intensities)  arise  from  com- 
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Rounding  out  Table  \  are  the  equivalent 
results  trom  the  method  of  speckle  interfer 
ometrv  based  on  the  Max  3.  I9K2.  observa¬ 
tions.  Note  that  the  error  for  the  speckle 
pole  in  Table  V  is  determined  from  photo¬ 
metric  data,  whereas  the  uncertainties  in 
Tables  II  and  III  derive  from  speckle  obser¬ 
vations. 

In  TaMc  VI.  we  show  the  solar  phase 
functions  for  each  •>(  tin-  solutions  in  Table 
V.  using  both  ths  (iehicls  ;md  Tetleseo 
phase  function  and  the  I  .limine  and  Howell 
formulation  I  he  oh-.- i  v  cd  l  il.w.in's  were 


corrected  to  the  polar  view  F(T,oi.9()  I  using 
the  appropriate  hi  and  pole  Figure 
shows  the  (FT  phase  function  for  the  SAM 
results  and  lag.  8  show  s  the  same  for  the  l . 
B  function  Figure  9  is  an  aspect-max- mm 
plot  for  the  (FT  SAM  solution,  showing  the 
change  of  brightness  with  H  for  both  maxi¬ 
mum  and  minimum  light,  corrected  to  a  so¬ 
lar  phase  angle  of  zero  with  the  GrT  func 
tion.  Using  the  LB  phase  function  would 
result  in  virtually  the  same  figure,  but  with 
the  magnitudes  scaled  brighter  by  0.27  mag 
Of  the  photometric  solutions  for  the  pole 
and  axial  ratios  in  Tables  V  and  VI,  we  pre¬ 
fer  the  results  from  the  simultaneous-ampli¬ 
tude-magnitude  method  because  it  uses 
both  F(>  and  amplitudes  simultaneous!)  and 
is  a  simple  combination  of  linear  equations. 
Contrary  to  what  I’ospicszalska-Surdej  and 
Surdcj  ( I9K5)  conclude,  we  find  that  the  arn- 
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(-'k,  7.  Solar  phase  function  for  the  simultaneous- 
ampiitude-magmtude  (SAMi  aspect  results  given  in 
Tables  V  and  VI  Here  the  brightness  \  it.(u.n>  is  cor¬ 
rected  to  V  ( I  the  \  iev.  from  above  the  pole  and 

the  Gehrels  and  Tedesco  phase  function  formulation  is 
used 

phtude-aspect  method  is  not  to  be  prefer¬ 
red  over  the  amplitude-magnitude-aspect 
method,  because  it  requires  that  amplitudes 
be  known  to  better  than  .01  mag.  For  exam¬ 
ple.  in  the  present  case,  if  we  use  the  ampli¬ 
tudes  predicted  by  the  results  from  the 
WAA  method  in  Table  V.  but  rounded  off 
to  the  nearest  hundredth  of  a  magnitude, 
and  input  these  back  into  the  WAA 
method,  we  do  not  get  the  results  that  we 
started  with.  The  pole  is  found  to  be  located 
at  (310;  **-34)  and  ah  =  1.25.  at  =  1.53. 
and  he  =  1.22.  However,  if  we  round  off 
the  predicted  amplitudes  to  the  nearest 
thousandth  of  a  magnitude,  we  do  indeed 
obtain  the  results  that  generated  the  ampli¬ 
tudes  tn  the  first  place. 

Moreover,  if  we  use  II  instead  of  12 
observations  in  the  WAA  method,  eliminat- 
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FlG.  9  A  plot  of  v  ( I  ,0.o>  =-  ())*,„*  and  l’(  l  ,H.tv  -  0 
vs  6  for  the  SAM  method  results,  using  the  Gehrels 
andTedeseo  phase  function  If  the  l.unimc  and  Howell 
phase  function  were  used,  the  same  plot  and  curve 
would  result,  but  the  magnitude  scale  would  have  to  he 
brighter  h\  0.27  mag. 

ing  only  one  of  the  five  1979  amplitudes,  the 
results  depend  considerably  on  which  of 
the  five  arc  not  used.  The  pole  for  the  five 
cases  is  fairly  stable,  ranging  from  1 307 ; 
+  30)  to  (309;  34).  as  is  the  a'b  ratio,  rang¬ 

ing  from  1.25  to  1.26.  However,  ale  ranges 
from  1.37  to  1.55,  and  bit  from  1.09  to  1.23, 
depending  on  which  of  the  1979  amplitudes 
is  not  used.  If  we  use  only  one  amplitude 
from  each  opposition,  choosing  the  1979 
amplitude  observed  at  the  smallest  phase 
angle  (7°9),  for  the  seven  amplitudes  we 
find  a  pole  at  (313;  +33).  alb  =  1.27,  a  c  = 
1.66,  and  b/t  —  1.31,  with  the  WAA 
method.  On  the  other  hand,  the  SAM 
method  reproduces  the  results  in  Table  V  to 
within  one  in  the  hist  digit  for  the  pole  and 
axial  ratios,  regardless  of  which  of  the  1979 
observations  are  used  or  eliminated. 

The  conclusions  from  this  analysis  of 
photometric  data.  then,  are  that: 

(1)  The  SAM  method  is  more  stable 
and  reliable  than  the  W  AA  method.  It  is 
only  fortuitous  that  the  W  AA  method  with 
all  12  amplitudes  from  seven  oppositions 
yields  virtually  the  same  results  as  the  SAM 
method,  since  the  answers,  especially  a  < 
and  bit .  change  considerably  w  ith  the  elim¬ 
ination  of  even  one  amplitude  from  the 
WAA  analysis 

(2)  Regardless  of  the  method,  (he  a  h 
ratio  seems  to  he  well  determined 
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(3i  Fhc  locution  ol  the  pole  i \  also 
f'aitlc  well  determine  2  and  is  not  very  >ensj- 
tne  to  the  method. 

I'filheiM  and  hi  ratios  vary  dramati¬ 
cal!;,  with  the  location  of  the  pole  and  the 
method  ol  analysis.  being  most  sensitive  to 
the  precision  o!  the  amplitudes  in  the  VVAA 
method 

COMBIMM'  SI’!  CKI  !  \M)  PHOiOMI  TRY 

One  of  the  most  useful  applications  of 
speckle  and  photometric  data  is  in  the  deri¬ 
vation  of  rathei  precise  albedos,  especially 
for  dark  obje-.ts  where  the  polarization 
slope  albedo  lavs  saturates  ;  Do!  If  us  and 
Zellncr,  1*479).  For  each  of  the  fits  for 
Davida  in  Table  VI,  vve  find  the  figure  re¬ 
quiring  the  least  change  tin  an  RMS  sense) 
to  the  triaxial  speckle  dimensions  to  meet 
the  axial  ratios  found  from  the  photometry. 
These  dimensions  are  listed  in  Table  VII 
along  with  the  unceitainties.  where  the  lat¬ 
ter  are  calculated  as  the  vector  sum  of  the 
uncertainty  in  the  speckle  dimension  plus 
the  difference  hetween  the  speckle  and 
photometric  dimension.  Also  listed  in  the 
table  are  the  visual  albedos  calculated  w  ith 
the  V'tl.O.fl  ~  90)'s  and  midi's  of  Table  V! 
according  to  F.q.  (3l  of  Dollfus  and  /cllner 
119791.  where  the  et i or'  in  the  albedos  fol¬ 
low  from  the  propag.dii  i\  of  the  uncertain¬ 
ties  in  a.  b.  and  I  t  I  .O.rt  9f"  or  ni( Ol,  Note 
that  albedo-  and  errors  are  given  for  the 
cross  section  viewed  from  above  the  pole, 
i  e.,  for  it  ah  The  albedos  foi  the  <  qu.iiorial 
aspect  Ittiic  or  rb<  )  won!  '  K  the  -am--  bu' 
the  associated  t  .eit.iin!',  would  be  much 


larger  because  of  the  error  assigned  to  the 
speckle  determination  of  t  . 

DISCISSIONS  AND  COMPARISONS 

In  one  night,  speckle  interferometric  ob¬ 
servations  of  Dav  ida  led  to  a  triaxial  ellip 
soid  solution  or  a  biaxial  solution  for  its  fig¬ 
ure.  and  a  paii  of  possible  rotational  poles 
for  each.  A  simple  inspection  of  the  light 
curve  amplitudes  easily  distinguishes  vv  hich 
pole  is  correct  for  each  solution  The  pole 
for  the  triaxial  solution  lies  within  29r  of  (X 
=  291°;  /?  -  +37'),  and  for  the  biaxial  solu¬ 
tion,  within  1 6  of  (322.  -  32). 

We  devise  a  new  simultaneous  ampli¬ 
tude-magnitude  (SAM' -aspect  method 
that  for  Davida  yields  a  pole  within  4'  of 
(307;  +32).  If  only  amplitudes  arc  consid¬ 
ered.  then  our  version  of  a  weighted  ampli¬ 
tude-aspect  (WAA)  relation  gives  a  pole 
within  4°  of  (307;  +31)  Zappala  and  Kne- 
zevic  1 1986)  have  determined  w  ith  their  am¬ 
plitude-magnitude  (AM)-aspect  method 
that  Davida’s  pole  lies  at  (303  +  4;  *34  i 
5),  or  taking  into  account  the  effect  of  light 
scattering  on  their  method,  at  (302  ±  6;  +  29 
±  6).  The  average  of  the  two  speckle  pole 
locations  from  the  triaxial  and  biaxial  fits 
lies  at  (306  5;  +34.5),  in  excellent  agree¬ 
ment  w  ith  all  photometric  methods  Chang 
and  Chang  (1963).  front  only  four  light- 
curves,  found  a  pole  at  (306;  +  44i  with  an 
early  version  of  the  amplitude-aspect  tech¬ 
nique,  superceding  the  one  Gehrels  and 
Owings  (1962)  f.iurd  at  (122;  +10)  from 
three  light-curves. 

Although  Taylor  (Vesely  and  Taylor. 
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14851  was  not  able  to  achieve  totalis  satis- 
t'actors  results  vsith  photometrie  astrometry 
of  Davida.  by  considering  onl >  pans  ol  ob¬ 
servations  at  the  same  ecliptic  longitudes  a 
pole  w  ithin  22  of  (285;  -45)  was  suggested, 
which  is  only  9  from  the  speckle  triaxial 
pole  Perhaps  the  reason  for  the  failure  ot 
the  technique  also  explains  the  discrepan¬ 
cies  between  the  speckle  and  photometri¬ 
cally  determined  axial  ratios,  namely  the 
presence  of  albedo  structure  on  Davida. 

The  geometric  albedo  derived  by  combin¬ 
ing  speckle  and  photometry  results  is  quite 
insensitive  to  the  method  ol  determining 
the  rotational  pole  and  axial  ratios,  but  does 
depend  on  the  phase  functions.  For  the 
Gehrels-Tedesco  phase  function,  and  the 
triaxial  ellipsoid  dimensions  adjusted  to  the 
axial  ratios  found  through  photometry,  the 
visual  albedo  is  p,  =  .033  ±  .009  and  with 
the  Lumme-Bowell  law  is /\  =  .041  a  Oil. 
The  radiometric  diameter  of  Davida  is 
listed  as  323  km  by  Morrison  and  Zellner 
(1979i  and  335  by  Rowell  a  al.  (1979). 
These  diameters,  obtained  at  unknown  ro¬ 
tational  phases  and  unknown  aspects, 
would  correspond  to  albedos  between  0.034 
and  0.048,  and  between  0.031  and  0.044. 
respectively  ,  depending  on  whether  the  di¬ 
ameters  refer  to  minimum  light  at  an  equa¬ 
torial  aspect,  or  to  a  polar  view,  with  the 
SAM  method  and  the  GT  phase  function. 
For  the  Lumme  and  Bowell  phase  function, 
the  two  radiometric  diameters  would  lead 
to  albedos  between  0.043  and  0.061 .  and  be¬ 
tween  0.040  and  0.057.  respectively 

The  triaxial  ellipsoid  fit  to  the  speckle  ob¬ 
servations  y  ields  axial  ratios  of '  u.'b  -  1.30 
-  .33  and  h  <  -  1.39  ~  1 .93,  and  the  biaxial 
ellipsoid  fit  gives  a'h  1.53  4  .35  and  6 '<  - 
1.00  17.  Zappala  and  Kne/evic  found  a' 

h  -  1.26  and  hi  =  I  18  (or  1.19  and  1.13 
with  corrections  foi  scattering!  With  the 
SAM  mc'hod  we  find  a  h  1.2s  *  ('2  and 
h  e  I  14  _*  .03  (averaging  the  results  from 
the  (iehrels-Tedesco  and  the  I.umme- 
Bowell  phase  functions).  With  the  WAA 
method  we  find  a  h  -  1.25  -  .01  and  h  i 
111  •  08 


Since  the  amplitude  is  only  a  weak  (unc¬ 
tion  a  (  or  h  i  .  for  the  WAA  method  the 
amplitudes  must  be  known  to  better  than 
.01  mag  if  accurate  hi  oi  a  <  ratios  aie  to 
be  found.  The  location  of  the  pole  is  also 
affected  by  amplitude  precision,  but  not  as 
much  as  hU  or  ai  .  However,  since  the  am¬ 
plitude  is  a  strong  function  of  a  h.  the  a  h 
ratio  is  affected  the  least  by  the  lack  of  pre¬ 
cision  in  amplitudes  Fospies/alska-Surdej 
and  Surdej  offer  a  way  not  only  to  deter¬ 
mine  from  lightcurves  the  appropriateness 
of  apply  ing  ellipsoid  geometry  ,  but  to  in¬ 
crease  the  precision  of  the  amplitude  by  us¬ 
ing  every  point  in  the  lightcurve.  How¬ 
ever,  we  feel  that  the  SAM  method  is  still  to 
be  preferred  because  it  is  a  more  stable, 
linear  relation  between  the  observable 
quantities  (maximum  and  mimimum  bright¬ 
ness)  and  the  pole  and  axial  ratios. 

The  excellent  agreement  among  the  pho¬ 
tometrically  determined  axial  ratios  is  en¬ 
couraging.  It  is  obvious  that  the  speckle  tri¬ 
axial  a!h  ratio  of  1.30  is  also  in  good 
agreement  with  the  photometric  consensus 
of  1.25,  but  the  biaxial  a'h  of  1.53  is  too 
strongly  affected  by  the  assumption  of  h  e 
=  1.  However,  the  assumption  of  h  i  -■  I 
leads  to  a  better  solar  phase  angle  plot  than 
the  triaxial  b/c  =  1.39.  With  our  preference 
for  the  SAM  method,  we  offer  as  a  unified 
model  from  photometry  and  speckle,  and 
averaging  the  results  for  the  GT  and  L  B 
phase  functions,  absolute  dimensions  for 
Davida  of  437  x  350  x  307  km,  and  a  rota¬ 
tional  pole  at  (307;  +  32). 

As  we  are  learning  from  Herculina  (Tay¬ 
lor  el  al.,  1986).  albedo  features  have  a 
much  greater  impact  on  our  power  spectra 
analysis  of  asteroid  data  than  previously 
believed.  Since  it  is  not  easy  to  predict  or 
account  for  the  effect  of  albedo  markings 
on  image  power  spectra,  wc  are  now  at¬ 
tempting  to  make  all  measurements  on  re¬ 
constructed  images,  which  would  circum¬ 
vent  the  influence  <>f  albedo  spots  on 
speckle  interferometry  observations  We 
also  feel  that  albedo  markings  have  a 
greater  effect  on  photometry  than  previ- 
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ously  su^pc. led  l!  appear^  (hat  Hercu 
!in«i  n  lighuarvc  due  almost  cntuch  to 
albedo  tealiifcs  ra! hot  that)  u>  the  shape  ol 
the  asteroid  ilayloi  ti  til  .  IUSUi  I  he  iail- 
ure  of  photometrie  axiromeity  on  Davida. 
coupled  vs  at!  the  exaggei.ucd  axial  ratios 
found  (torn  'pcvkle  posset  spectra  analysis. 
imph  sieri/ticar.'f  .il'vdo  s  uuciuic  on 
Davida  This  conclusion  is  further  sup¬ 
ported  by  tiie  tact  i  ha  I  the  high -amplitude 
lightcurves  of  I'Ov.  i-ro.  and  especially 
1955  all  show  considerable  struetuie  near 
one  e>f  the  minima,  arts!  [he  low  -amplitude 
lighuurves  ot  ll>;2,  !>>6,v  and  I 9‘2  a>e 
quite  irregular.  According  to  a  pole  at  1 3o~ . 
-32>.  the  speckle  observations  m  re  made 
at  a  suMatitude  id  ?n  .  midway  between 
the  equatorial  t  •  2  )  lighteuixe  of  !Vt  l)rKj 
the  low -amplitude  lightcurxe  of  1972 
1-51  ),  both  of  which  show  strong  indica¬ 
tions  of  a  nonunifonn  suibwe  on  Davida 
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Abstract 


The  first  glimpses  of  an  asteroid’s  surface  have  been  obtained  from  images  of  4 
Vesta  reconstructed  from  speckle  interferometric  observations  made  on  November  16 
and  17,  1983,  using  Steward  Observatory's  2.3m  telescope  coupled  with  Harvard's 
PAPA  camera.  From  power  spectrum  analysis  of  the  ten  images  Vesta  is  found  to 
have  a  ’normal’  triaxial  ellipsoid  shape  of  584(±16)x53l(^ll)x4C7(u:  12)  km.  Its 
rotational  pole  lies  within  4C  of  R.A.  — 21h  00m  ,  Dec.— -^41'  (Ecliptic  long.  =  336 \ 
!at.=  -i-55c).  Our  observations  definitely  support  a  5hr  20.5inin  rotational  period, 
and  do  not  fit  one  twice  as  long. 

Reconstructed  images  reveui  dark  and  bright  patterns,  reminiscent  of  the  Moon, 
which  can  be  followed  across  the  disk  as  the  asteroid  rotates.  By  placing  circular 
’spots  with  diameters  of  135km  (=0.11  arcsec,  the  effective  resolution)  over  three 
dark  and  three  bright  features,  and  assigning  albedos  (relative  to  the  surrounding 
material)  of  0  to  the  dark  spots  and  2  to  the  bright  spots  (except  one  with  an 
albedo  of  1.2),  we  are  nearly  able  to  match  its  visible  lightcurve.  It  only  requires 
an  additional  bright  spot  deep  in  Vesta’s  southern  hemisphere,  an  area  not  visible 
during  our  observations,  to  provide  a  near  perfect  match  to  all  low  solar  phase 
angle  Iightcurves  ever  obtained  of  this  asteroid.  At  phase  angles  greater  than  about 
10°  the  observed  amplitude  becomes  greater  by  up  to  0.02  mag.  The  dark  areas 
so  dominate  one  face  of  Vesta  that  a  minimum  in  the  lightcurve  occurs  when  the 
maximum  cross-sectional  area  is  visible.  Its  lightcurve  is  determined  primarily  by- 
albedo  structure  rather  than  shape,  leading  to  one  maximum  and  one  minimum  per 
rotation  instead  of  the  expected  two  of  each  associated  with  its  triaxial  ellipsoid 


I.  Introduction 


The  first  images  of  an  asteroid  that  show  details  on  its  surface  have  been 
reconstructed  from  speckle  interferometric  data  obtained  on  November  16  and  17, 
1983,  with  Steward  Observatory’s  2.3m  telescope  and  a  two  dimensional  photon 
counting  camera  (Papaliolios  et  al.  1985).  These  images  show  high  contrast  features 
which  dominate  the  visible  lightcurves.  In  the  next  section  we  give  the  results  of  our 
standard  power  spectrum  analysis,  finding  the  absolute  dimensions  and  rotational 
pole  of  the  triaxial  ellipsoid  figure  that  yields  the  observed  c  hanging  size,  shape,  and 
orientation  of  the  two  dimensional  ellipse  projected  by  the  ellipsoid.  In  Sec.  Ill  we 
give  the  detailed  procedures  that  resulted  in  our  successful  image  reconstructions. 
In  Sec.  IV  we  develop  a  model  from  our  maps  of  Vesta  that  explain  in  good  detail 
the  observed  lightcurves  of  this  very  interesting  asteroid.  Sec.  V  summarizes  our 
results  and  compares  them  to  others. 


II.  Power  Spectrum  Analysis 


As  in  previous  speckle  interferometry  work  at  Steward  Observatory  (Drum¬ 
mond  et  al.  1985a,  1985b;  Drummond  and  Hege  1986)  we  assume  that  an  asteroid 
can  be  treated  as  a  uniformly  bright  triaxial  ellipsoid  that  scatters  geometrically,  in 
which  case  the  asteroid  will  project  onto  the  plane  of  the  sky  as  a  two  dimensional 
ellipse.  The  two  dimensional  power  spectrum  of  the  image  at  each  rotational  phase 
is  measured  for  its  semi-  major  (a)  and  semi-minor  (/?)  axes  dimensions,  and  for 
a  position  angle  (p)  with  respect  to  North.  This  series  of  a’s,/?’s,  and  Vs  is  fit  to 


the  relative  rotational  phases  of  each  observation  and  yields  from  a  non-linear  least 
squares  routine  the  asteroid’s  three  axes  dimensions,  the  asterocentric  latitude  of 
the  sub-Earth  point,  the  obliquity,  and  the  zero  point  in  the  rotation. 

Vesta  was  observed  eight  times  on  November  16,  1983,  and  twice  on  November 
17.  Aspect  data  for  the  observations  is  given  in  Table  I.  Each  observation  was  a  5 
min.  videotape  of  the  asteroid,  and  was  preceded  and  followed  by  a  similar  observa¬ 
tion  of  either  SAO  094927  or  SAO  094883.  Vesta  observations  were  generally  fifteen 
minutes  (16-17°  in  rotational  phase)  apart.  A  30nm  filter  centered  at  550nm  was 
used,  producing  a  data  rate  of  60  kHz  for  Vesta  and  the  first  star  and  30  kHz  for 
the  second  star.  The  data  were  digitzed  and  binned  into  frames  of  128x128  pixels 
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(indicated  by  tick  marks  to  the  left  of  the  symbols)  were  folded  back  with  the  5hr 
period  and  nearly  fall  on  top  of  the  first  two  points  of  the  first  night,  not  only  in 
rotational  phase  (with  either  a  5  or  10  hr  period)  but  in  the  measured  parameters 
as  well. 

A  prolate  spheroid  (biaxial  ellipsoids  >  b  =  c)  model  was  tried  but  the  pro¬ 
gram  diverged,  giving  no  solution.  An  attempt  was  also  made  to  fit  the  measured 
parameters  against  a  lOhr  41inin  period,  but  the  fitting  program  again  diverged  af¬ 
ter  a  few  iterations.  Thus  our  observations  indicate  that  Vesta  i>  a  ’normal'  triaxia! 
ellipsoid  with  a  rotational  period  of  5hr  and  20.5mlii,  ii.  spite  of  a  lightcurve  that 
only  shows  one  maximum  and  minimum  over  this  period. 

III.  Image  Reconstructions 

Images  of  Vesta  were  made  with  the  amplitudes  and  phases  obtained  from  the 
power  spectra  and  Knox-Thompson  cross  spectra.  For  the  present  use  the  power 
spectra  of  Vesta  and  the  calibration  stars  were  normalized  to  a  power  of  unity.  Both 
quotients  for  each  Vesta  power  spectrum  indicated  that  both  stars  are  good  point 
sources  at  the  given  wavelength,  resolution,  and  sensitivity  of  the  measurements. 
Since  the  quotients  were  in  all  cases  in  excellent,  agreement  at  spatial  frequencies 
iarger  than  1 1  pixels  ,  we  calibrated  the  Vesta  data  using  the  average  power  spectra 
of  the  adjacent  star  observations.  With  respect  to  the  achieved  signal  to  noise  ratio 
the  calibrated  power  spectra  of  Vesta  did  not  appear  to  provide  any  significant 
information  over  the  noise  at  greater  than  30  pixels  in  power  spectrum  space  (less 
than  0.18  arcsec  in  image  space).  This  means  that  small  hard-edged  high-contrast 
features  on  Vesta  did  not  produce  strong  signals  in  power  spectrum  space.  Since 
the  theoretical  resolution  limit  of  the  90-inch  telescope  at  550nm  is  0.06  arcsec,  and 
in  order  to  suppress  the  noise  smoothly  on  this  highly  resolved  object  we  apodized 
the  power  spectra  with  >.*.  gaussian  of  full  width  at  l/e  of  30  pixels  (25  pixels  full 
width  at  half  power  -  FWHP)  corresponding  to  a  convolution  in  image  space  with 
a  gaussian  of  3.2  pixels  FWHP.  Therefore  the  effective  beam  width  or  resolution 
limit  is  0.11  arcsec.  The  resulting  power  spectra  are  shown  in  Fig.  3a  -  3j. 

Due  to  residual  misalignments  of  the  photon  masks  (Papaliolios  et  al  1985), 
these  deconvolved  Vesta  power  spectra  exhibited  a  small  amount  of  artificial  power 
at  distinct  locations  along  the  axes.  This  power  was  removed  by  subtracting  a  gaus- 
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sian  of  ro7j'ir--'ni!-K  v.  m  d  amplitude  Hi  the  positions  of  the  the  corresponding 
spikes  (Fig.  4a  -  4j;  ", mm!  amount  of  power  contained  in  these  artifacts  appears 
to  be  different  tor  t he  individual  data  sets  and  is  about  1  %  of  the  average  total 
power  and  less  than  c.bo.n  bC  '.'l  to  40  %  of  the  power  contained  in  the  first  diffrac¬ 
tion  ring  corresponding  to  the  sharp  edge  of  the  asteriod.  As  seen  by  comparing 
Fig.  5a  and  Fig  t  - h-- -  <  or: actions  did  not  introduce  ...ny  significant  changes  of 

the  basic  str.-ctarui  h  turns  observed. 

In  addb'en  r  the  artifans  the  calibrated  power  spectra  suffered  from  seeing 
mismatches  m  -path-!  frequencies.  The  average  of  the  10  available  power 

spectra  on  the  oh  .-  ha:.*;  appeared  to  be  free  of  these  mismatches,  consistent  with 
the  fact,  tL:  under-  •  over-estimates  of  the  power  spectra  appeared  equal!) 
frequent  ar.-i  the:.  :•  ’  ;  m o  d  •:<,  a  correct  average  seeing  calibration.  Therefore 

in  order  to  ov.'dn  a  made  estimate  of  the  power  sp<  ;tra  at  the  lowest  spatial 
frequencies  v> ;  recapped  them  using  the  average  power  spectrum.  Moreover  the 
recapping  procedure  can  be  justified  by  the  following  points: 

1)  At  the  fewest  spatial  frequencies  the  actual  shape  of  the  power 
spectrum  (provided  it  is  smooth)  cannot  have  any  significant  influence 
on  the  resulting  images,  since  it  contains  information  corresponding  to 
structures  large:  than  the  known  size  of  Vesta. 

2)  The  power  spectrum  analysis  (Sec.  II)  revealed  that  the  actual 
cross-sectional  of  Vesta  changed  only  by  a  small  amount,  so  that  the  re¬ 
capping  of  the  individual  power  spectra  by  the  average  power  spectrum 
should  not  have  a  large  influence  on  the  resulting  images. 

3)  Both  points  are  supported  by  the  comparison  of  the  final  images 
to  those  obtained  after  using  a  different  approach  to  correct  for  the  seeing 
mismatch.  In  this  approach  we  iteratively  transformed  back  and  forth 
between  power  jpecti  urn  domain  and  autocorrelation  domain,  replacing 
negative  values  by  -w  a  each  domain  and  iteration.  After  a  small  number 
of  iterations  (10  to  20  j  this  resulted  (as  required)  in  power  spectra,  with 
increasing  pov, ?r  towards  lover  frequencies  in  all  cases.  We  decided  not 
to  obtain  oar  5n«l  V,  u  power  spectra  following  this  approach  because  - 
depending  on  the  rare  of  the  seeing  mismatch  -  it  resulted  in  amplitudes 
larger  than  mi*".  iml  is  not  to  be  expected  in  the  case  of  a  properly 
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seeing-calibrated  power  spectra  normalized  to  unity.  Nevertheless,  Fig. 

5  shows  that  both  attempts  to  correct  the  seeing  mismatch  for  the  first 

Vesta  image  result  in  essentially  the  same  map  for  the  same  data  set. 

In  order  to  get  a  smooth  transition  between  the  recapping  function  PSc  and  the 
Vesta  power  spectra  PS;-  we  combined  them  using  a  circular  cosine-bell  function: 

(  if  r  <  t"mnen 

C  |  t).5  *  (l  —  COs(tt  »  (r  f  inner)  /  (f  outer  firmer)),  if  tinner  <  T  <  router- 

■  if  T  >  f outer  - 

r  =  \/u2  -r  t'2. 

The  final  improved  power  spectra  PSj  were  obtained  via 

PSf  =  (1  -  C)  *  PSV  +  C  »  PSC 

using  an  outer  radius  of  rou(er  =  9 pix  and  an  inner  radius  of  rxnner  =  5pix. 

The  (complex)  phases  of  the  individual  Vesta  data  sets  were  obtained  using  the 
phase  differences  in  u  and  v  direction  given  by  the  Knox-Thompson  cross  spectra. 
Since  the  power  spectra  of  Vesta  suggested  an  almost  circular  symmetric  appearance 
with  only  a  small  amount  of  structure,  all  phase  differences  were  treated  with  equal 
weight.  The  phase  at  the  DC  point  was  set  equal  to  zero  and  an  initial  estimate  of 
the  phases  was  obtained  by  integrating  the  phase  difference  vectors  along  two  ways 
parallel  to  the  u,v-axis  and  averaging  both  resulting  vectors  (Knox,  1976). 

The  phases  were  then  subject  to  an  iterative  phase  relaxation  algorithm  (Hardy 
et  al.  1977),  which  was  accomplished  by  spiraling  around  che  DC  point  towards 
higher  spatial  frequencies,  alternating  between  right  and  left  directions.  This  algo¬ 
rithm  uses  the  phases  of  the  current  iteration  and  the  measured  phase  differences 
to  calculate  the  phases  for  the  next  iteration.  After  100  iterations  the  algorithm 
essentially  converged  and  the  deviations  of  the  achieved  phases  from  the  expected 
hermitian  symmetry  were  less  than  0.1  radian.  These  small  deviations  were  removed 
by  averaging  the  phase  vectors  at  locations  (u,v)  and  (-u,-v)  in  a  way  appropriate 
to  the  required  hermitian  symmetry. 

The  square  root  of  the  final  power  spectra  were  combined  with  these  phases 
and  Fourier  transformed  into  image  space.  The  resulting  images  exhibited  on  the 
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average  30  %  negative  power  with  negative  amplitudes  of  less  than  4  %  of  the 
maximum  amplitudes  in  the  images.  To  minimize  the  amount  of  negativity  we 
next  used  a  Fienup  algorithm  (Fienup  1978).  Fig.  6  shows  maps  of  the  first  Vesta 
observation  obtained  by  direct  inverse  Fourier  transformation,  and  using  50,  100, 
and  200  Fienup  iterations.  In  all  cases  the  significant  structural  features  remain 
essentially  unchanged.  For  the  final  Vesta  maps  we  used  200  Fienup  iterations. 
These  maps  contained  only  10  %  negative  power  having  negative  amplitudes  of  less 
than  2  %  of  the  maximum. 

Fig.  7  shows  power  spectra,  phases,  and  Fienup  images  of  the  double  star  SAG 
093840  used  for  the  calibration  of  the  image  scale  and  orientation,  and  for  the  first 
Vesta  observation.  All  the  final  maps  of  Vesta  are  shown  in  Fig.  8  and  discussed 
further  in  the  next  section. 

IV.  The  Images  and  a  Model 

The  first  images  of  any  asteroid  showing  surface  details  are  presented  in  the  top 
row  of  Fig.  8.  Since  the  two  observations  of  Vesta  from  the  second  night  are  similar 
to.  but  noisier  than,  the  first  two  observations  of  the  first  night,  and  were  obtained 
at  nearly  the  same  rotational  phases,  only  the  eight  images  of  November  15  are 
shown.  From  Sec.  II  we  know  the  location  of  Vesta's  North  Pole  and  can  therefore 
produce  the  second  row  of  Fig.  8,  where  lines  of  asterocentric  longitude  and  latitude 
at  intervals  of  30°  are  superimposed  on  the  images  of  Vesta.  The  individual  pixels 
visible  in  the  top  row  are  convolved  (smoothed)  down  for  the  second  and  third  rows. 
By  consulting  Fig.  1  the  scale  of  the  images  can  be  determined.  For  instance,  the 
asteroid  ellipse  for  the  first  observation  has  a  major  axis  dimension  of  561km  (0.46 
arcsec)  and  a  minor  axis  dimension  of  470km  (0.38  arcsec).  The  small  plus  in  the 
middle  of  each  image  is  the  sub-Earth  point  at  asterocentric  latitude  +16°,  the 
small  off-center  square  is  the  sub-Sun  point  at  latitude  +7.5°  ,  and  the  terminator 
is  perhaps  visible  along  the  limb  opposite  the  sun.  As  the  asteroid  rotates,  the  sub- 
Earth  point  sweeps  over  lines  of  decreasing  longitude.  Thus  the  sub-Earth  point  is 
located  at  a  longitude  9°  greater  than  the  sub-Sun  point.  The  longitudes  of  the  sub- 
Earth  point  for  the  eight  images  in  Fig.  8  are  232,  216,  203,  185,  168,  151,  134,  and 
117°,  where  0  and  180°  longitudes  correspond  to  the  minimum  cross-sectional  area. 
The  corresponding  rotational  phases  are  equal  to  360°  minus  the  longitudes.  True 


celestial  North  is  3G  to  the  right  (west)  of  the  vertical,  the  direction  of  asterocentric 
North. 

The  third  row  of  Fig.  8  shows  15%  contour  levels.  Also,  rings  of  diameter 
of  0.11  arcsec,  the  approximate  effective  minimum  resolution  (Sec.  Ill),  are  drawn 
around  features  to  be  discussed  next.  Each  image  has  been  centered  on  the  lowest 
15%  contour,  since  centering  on  say  the  brightest  contour  noticeably  skews  the  entire 
asteroid  so  that  the  lowest  flux  levels  on  one  edge  of  the  asteroid  fail  outside  the 
ellipses  in  the  second  row.  This  centering  is  also  the  way  the  eye  tends  to  center  the 
images.  Once  the  images  are  centered,  it  is  possible  to  identify  and  locate  features 
with  the  longitude  latitude  grid  and  follow  them  from  one  frame  to  the  next.  The 
coordinates  and  a  description  of  each  of  the  circled  features  A-F,  appearing  from 
right  to  left  (in  order  of  decreasing  longitude),  is  now  given: 

A)  295;-rl5  A  bright  armor  peninsula  is  visible  in  the  first  image,  only 
part  of  which  falls  under  the  circle  in  the  bottom  row.  In  the  second  frame 
this  feature  lies  right  on  the  limb,  and  in  fact  spills  over  the  edge  of  the 
asteroid  because  of  the  smearing  produced  by  the  convolution  discussed  in 
Sec.  III.  It  has  rotated  out  of  sight  after  the  second  frame. 

B)  270;  0  The  darkest  area  visible  in  the  first  frame  is  circled,  but 
appears  to  be  part  of  a  much  more  extensive  lunar  maria-like  (because  of 
the  darkness  and  large  extent  of  the  features)  region  that  covers  a  great 
deal  of  the  hemisphere.  The  dark  region  appears  to  encompass  not  only 
features  B,C,  and  E,  but  obviously  extends  south  of  B  as  can  be  seen  in 
the  first  frame.  Feature  B  is  last  visible  on  the  limb  in  the  third  frame. 

C)  260;  —  20  The  darkest  area  visible  in  the  second  frame  is  circled, 
and  overlaps  feature  B.  It  is  also  part  of  the  continuous  dark  region  in  this 
hemisphere.  In  the  first  frame  part  of  feature  C  falls  under  the  enhanced 
bright  region  that  appears  in  all  of  the  images  (see  below);  in  the  fourth 
frame  it  is  disappearing  behind  the  limb. 

D)  235;-20  A  bright  island  in  the  middle  of  a  dark  sea  clearly  stands 
out  in  the  third  frame.  This  feature  is  also  responsible  for  the  extension  of 
the  enhanced  bright  central  region  toward  the  lower  right  in  the  first  two 
frames  before  it  becomes  detached  in  the  third. 

E)  225;  +  7  The  third  of  the  dark  areas  dominates  the  third  frame, 


and  contributes  to  the  image  of  a  tributary  extending  from  B  and  C  and 
flowing  around  D.  To  the  south  and  towards  lower  longitudes  the  dark 
region  continues,  separating  bright  areas  D  and  F. 

F)  185;-5  From  the  second  through  the  seventh  frames  a  bright  feature 
seems  to  distort  the  shape  of  the  enhanced  bright  central  region. 

The  enhanced  bright  central  region,  which  in  fact  dominates  the  images,  is 
caused  by  the  occasional  multiple  detection  of  photons  by  the  PAPA  camera.  The 
routines  recently  developed  by  the  Harvard  group  to  compensate  for  this  problem 
were  not  available  at  the  time  this  data  was  digitized.  Thus  it  is  necessary  to  ‘look 
under  and  around  ’the  variable  bright  central  feature.  Sometimes,  it  isn’t  until  the 
features  rotate  from  under  this  region  that  they  become  clearly  visible. 

To  compare  our  triaxial  ellipsoid  model  of  Vesta  with  surface  albedo  structure 
to  its  lightcurves,  we  first  examined  the  lightcurves  obtained  closest  in  the  sky  to  our 
observations,  which  were  made  when  the  asteroid  was  at  Ecliptic  coordinates  (86;- 
5).  The  lightcurve  obtained  in  1954  by  Binnendyk  (83;-4)  is  shown  in  Taylor  (1973), 
and  the  one  obtained  ten  days  after  our  observations  at  (84;-5)  is  given  in  McCheyne 
et  al.  (1985).  The  latter  lightcurve  was  used  primarily  to  investigate  color  variations 
of  Vesta,  and  is  further  discussed  in  Sec.  V.  Using  our  pole  and  the  lightcurve  data 
given  in  Taylor  et  al.  (1985)  we  have  derived  a  slightly  different  sidereal  period  of 
0.2225887  (±0.0000001)day,  compared  to  their  0.2225889  (±0.0000002)day,  or  to 
Magnusson’s  0.22258849  (±0.00000005)day.  Projecting  the  1954  lightcurve  forward 
with  our  pole  and  the  average  between  Taylor’s  and  our  sidereal  period  for  the  same 
data  set  of  0.2225888  days  resulted  in  the  observed  minimum  occurring  some  98° 
in  rotational  phase  earlier  than  the  one  we  would  have  predicted  to  have  occurred 
during  our  observations  at  rotational  phase  180°  in  Figs.  1  and  2.  Thus  the  observed 
lightcurve  minimum  appears  to  have  occured  when  the  maximum  cross-sectional 
area  (as  seen  by  speckle  interferometry)  was  viewed  by  the  Earth.  (For  Taylor’s 
or  Magnusson’s  pole  and  period,  the  minimum  would  have  occurred  91°  or  122° 
earlier,  respectively,  in  the  projection  of  the  lightcurve.) 

The  next  step,  then,  was  to  produce  a  theoretical  lightcurve  with  the  effects 
of  the  spots  taken  into  account.  Initially  we  simply  identified  a  few  features  visi¬ 
ble  particularly  in  the  first  four  images,  since  the  second  four  seemed  to  show  less 
structure.  Arbitrarily,  we  created  circular  spots  of  radius  14°  ,  corresponding  to  the 
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radius  of  the  effective  resolution  limit,  centered  at  the  locations  of  the  features  A-F, 
assigning  dark  regions  albedos  of  0  (equivalent  to  the  limiting  case  of  completely 
dark  shadows),  relative  to  the  surrounding  material  of  albedo  1,  and  bright  regions 
relative  albedos  of  2.  Since  the  features  hardly  appeared  as  circles  it  was  antici¬ 
pated  that  the  theoretical  lightcurves  for  the  triaxial  ellipsoid  with  spots  would  not 
match  the  observed  ones  without  extensive  modification  and  distortion  of  the  spots. 
Furthermore,  it  seemed  unlikely  that  even  a  remotely  reasonable  match  could  be 
obtained,  since  the  basic  triaxial  ellipsoid  shape  found  through  the  power  spectrum 
analysis  would  yield  two  maxima  and  tw’o  minima  per  5hr  period,  contrary  to  every 
lightcurve  obtained. 

Nevertheless,  we  proceeded  to  construct  a  theoretical  lightcurve  for  the  1954 
geometry,  with  the  spots  modulating  the  normal  triaxial  ellipsoid  lightcurve.  To 
our  surprise,  only  a  change  of  the  relative  albedo  from  2  to  1.2  assigned  to  the  spot 
at  feature  A  resulted  in  a  near  perfect  match  in  amplitude,  rotational  phase,  and 
shape  between  our  predicted  lightcurve  projected  to  1954  and  the  observed  one. 
Fig.  9  shows  the  observed  lightcurve  (plusses),  the  predicted  lightcurve  without 
spots  (small  dashed  sinusoidal  line),  the  predicted  lightcurve  with  the  effect  of  the 
spots  included  (solid  line),  and  the  products  iraQ  (open  circles)  obtained  from  the 
measurements  shown  in  Fig.  1,  and  shown  here  to  depict  the  rotational  phases  of 
our  measurements.  These  open  circles  show  large  scatter  because  of  the  effect  of 
the  spots  on  the  power  spectra  of  the  assumed  featureless  ellipse,  but  notice  that 
they  scatter  about  the  dashed  line  of  the  triaxial  ellipsoid  rather  than  the  observed 
or  calculated  lightcurve. 

An  additional  bright  spot  is  required  to  match  the  lightcurve  over  longitudes 
that  were  not  visible  during  our  observations.  This  inferred  feature  G  is  placed  at 
longitude  10°,  latitude  -50°,  and  also  is  given  a  radius  of  14°  and  a  relative  albedo 
of  2.  If  this  spot  were  not  included  in  the  analysis,  the  resulting  lightcurve  would  be 
that  shown  in  Fig.  9  as  the  longer  dashed  line  departing  from  the  solid  line  between 
270  and  80°. 

Not  only  does  our  model  match  the  1954  lightcurve,  but  it  also  produces  equally 
good  matches  for  every  other  low  solar  phase  angle  (<  10°)  lightcurve  .  Departures 
of  up  to  0.02  mag  occur  for  lightcurves  obtained  at.  phase  angles  greater  than  about 
10',  indicating  a  slight  lightcurve  amplitude  and  shape  dependency  on  solar  phase 


angle,  in  the  sense  of  increasing  amplitude  with  phase. 

As  stated  above,  inspection  of  the  images  does  not  lead  to  the  impression  of 
circular  spots.  Indeed,  the  model  of  circular  spots  and  relative  albedos  is  only  a 
simplification  of  what  appears  to  be  a  complicated  pattern  of  dark  and  brigh*  areas. 
Because  of  the  enhanced  bright  central  region  on  all  the  images,  and  because  the 
accurate  apparent  integrated  magnitude  of  each  image  is  unknown  it  is  not  possible 
to  obtain  absolute  albedos  for  given  regions.  And  neither  is  it  possible  to  appeal 
to  lightcurves  for  further  information  about  the  actual  brightnesses  of  the  features. 
For  instance,  doubling  the  area  of  the  dark  spots  (by  increasing  their  radii  from  14 
to  20°)  and  increasing  their  relative  albedos  from  0.0  to  0.5  results  in  exactly  the 
same  lightcurves  to  within  the  width  of  the  lines  in  Fig.  9.  However,  some  of  the 
dark  spots  appear  to  be  as  dark  as  the  sky  (regions  outside  the  asteroid)  on  some 
frames.  Taylor  et  al.  (1986)  have  determined  that  two  0.13  relative  albedo  spots  on 
the  asteroid  Herculina  can  explain  its  lightcurve  of  up  to  nearly  0.2  mag  amplitude; 
Vesta  appears  to  have  areas  as  dark  if  not  darker. 

V.  Discussion  and  Summary 

In  the  TRIAD  file  the  polarimetrically  determined  diameter  of  530km  is  closer 
than  the  radiomeirically  determined  579km  to  a  mean  diameter  (a/?)1/2  from 
speckle  interferometry  of  515  to  532km,  corresponding  to  minimum  and  maximum 
projected  area  at  a  sub-Earth  latitude  of  30°.  Since  the  obliquity  between  Vesta’s 
orbital  and  rotational  pole  is  30°,  the  maximum  excursion  of  the  sub-Earth  point 
from  Vesta’s  equator  is  about  30°.  Viewed  from  directly  above  its  equator,  Vesta’s 
apparent  mean  diameter  would  vary  between  498  and  522km. 

The  early  reconstruction  of  Vesta  by  Worden  et  al.  (1977;  Worden  1979)  from 
observations  made  on  February  3,  1977,  with  the  Kitt  peak  4m  telescope  are  re¬ 
markably  consistent  with  the  results  obtained  here.  According  to  our  pole,  their 
observations  were  made  when  the  Earth  w  s  at  a  sub-latitude  of  +18°,  and  thus 
we  can  predict  a  variation  in  the  ratio  of  majrr  to  minor  axes  of  1.11  to  1.24,  and 
a  variation  of  position  angle  of  the  long  axis  of  ±7°  about  a  mean  of  24°  from  the 
east-west  direction.  They  obtained  a  major  to  minor  axes  ratio  of  1.19±0.02  and 
a  position  angle  of  16±4°  relative  to  east-west.  They  determined  a  mean  diameter 
of  550±23km  for  the  date,  whereas  we  predict  between  506  and  526km.  From  ob- 
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serrations  on  December  1.  1976,  they  found  a  mean  diameter  of  513±51km  ,  where 
we  predict  between  512  and  530km  for  the  sub-Earth  latitude  of  27°  on  that  date. 

With  the  mass  of  Vesta  from  Schubart  and  Matson  (1979),  we  have  calculated 
its  density  to  be  3. 62  ±  0.35  gm  cm'5,  in  good  agreement  with  their  best  estimate 
of  3,3±1.5.  The  limiting  factor  cn  tiie  accuracy  of  the  density  arises  from  the 
uncertainty  in  the  mass.  Using  a  Vo  of  3.46  from  the  TRIAD  file  we  also  calculate 
that  the  mean  albedo  at  maximum  light  is  pt.  =  0.261±0.005,  where  the  uncertainty 
applies  to  the  range  in  the  mean  diameter  at  maximum  light  of  532  to  522  km  , 
corresponding  to  sub-Earth  latitudes  between  0  and  30' . 

Vesta  is  one  of  the  few  asteroids  for  which  evidence  exists  for  polarization 
variation  with  rotation  (Degewij  and  Zellner  197S;Degewij  et  al.  1979;  Gradie  et 
ah  1978;Taylor  et  al.  1985).  In  fact,  polarization  measurements  fully  support 
the  five  over  the  ten  hour  period.  As  the  polariza  ‘on  workers  have  noted,  the 
minimum  in  the  polarization  occurs  at  minimum  light,  which  from  the  model  of 
this  paper  corresponds  to  the  portion  of  the  lightcurve  dominated  by  dark  albedo 
features.  This  is  consistent  with  the  fact  that  dark  material  (and  asteroids)  shows 
more  negative  polarization  than  brighter  material. 

Gehrels  (1967)  and  Blanco  and  Catalano  (1979)  have  shown  that  Vesta  is  also 
slightly  bluer  near  minimum  light  (by  0.02  and  0.05,  respectively,  in  U-V).  However, 
McCheyne  et  al.  (1985)  find  the  opposite  phenomenon,  that  is,  Vesta  appears  bluer 
near  maximum  by  0.05  in  B-V,  0.07  in  B-K,  and  0.06  in  J-K.  Extrapolating  our  Fig. 
9  by  ten  days  to  Fig.  2  of  McCheyne  et  al.  we  find  that  our  zero  rotational  phase 
corresponds  coincidentally  to  their  zero  rotational  phase  at  0^*  UT  on  November  27, 
1983.  McCheyne  et  al.  were  unable  to  explain  the  discrepancies  in  color  variation 
with  rotation.  One  possibility  that  they  suggested,  that  their  observations  refer  to 
different  maximum,  is  not  allowed  with  the  5hr  period.  Gehrels  obtained  his  results 
when  the  sub-latitude  of  the  Earth  was  +25°,  the  Blanco  and  Catalano  observations 
were  made  at  -6°,  and  McCheyne  et  al.  at  +15°.  Thus  the  discordant  results  cannot 
be  attributed  to  the  latitude  of  the  sub-Earth  point,  since  McCheyne  et  al.  observed 
between  the  other  two.  However,  since  McCheyne  et  al.  did  not  actually  measure 
the  U  band  flux,  perhaps,  as  they  found,  the  dark  material  is  in  fact  redder  than 
the  average  surface  at  longer  wavelengths,  but  is  relatively  brighter  in  U  as  Gehrels 
and  Blanco  and  Catalano  observed. 


Vesta  has  generally  been  considered  as  certainly  differentiated  and  perhaps  the 
parent  body  of  eucrites.  The  composition  of  its  mottled  basaltic  surface  has  been 
discussed  by  many  ,  e.g.  Gaffey  and  McCord  (1979),  Degewij  et  al.  (1979),  Gaffey 
(1983a, 1983b),  and  McCheyne  et  al.  (1985).  The  map  offered  by  Gaffey  (1983b)  and 
further  elaborated  upon  by  McCheyne  et  al.  (1985),  consists  of  two  constituents, 
two  brighter  and  redder  regions  (or  with  the  5hr  period,  one  region)  composed  of 
diogenite  superimposed  on  the  underlying  darker  eucrite.  However,  from  our  results 
it  appears  that  at  least  three  albedo  components  may  be  necessary  to  explain  our 
maps,  with  extensive  dark  areas  so  dominating  one  hemisphere  that  a  minimum  is 
observed  in  the  visible  lightcurve  when  the  maximum  cross-sectional  area  is  viewed. 
Vesta  appears  to  be  so  much  more  Moon-like  than  a  featureless  triaxial  ellipsoid 
that  further  high  resolution  imaging  is  very  appealing  and  exciting. 
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Table  I 

Aspect  Data  for 
Speckle  Observations 


>  - 

1 

*  Date 

Nov.  16,17  1983 

!  Solar  Phase  Angle 

!  12.3° 


: 

► 

\ 

i 


R.A. 

Dec. 

A 

5h45m 

+18° 

86° 

-5° 

Distance  from  Earth 

Distance  from  Sun 

1.690  AU 

2.572  AU 

Table  II 


Triaxial  Solution 


2 a  =  584  ±  16 km 
2b  =  531  ±  11km 
2c  =  467  ±  12 km 
rp0  =  -38°  ±  7° 
e  =  +i6°  ±  9° 

Pi  =  137°  ±  1° 
p2  =  317°  ±  1° 


Polei 

R.A.  =  21/l00m;  Dec.  =  +41° 

A  =  336°;  3  =  +55° 

Radius  of  error  circle  around  poles  :  4 

Pole2 

R.A.  =  llh52m;  Dec.  =  -56° 

A  =  209°;  0  =  -50° 


Normalized  correlation  matrix 


2a 

2b 

2c 

'Po 

e  p 

2a 

- 

2b 

-0.49 

- 

2c 

0.47 

-0.55 

- 

V»0 

0.03 

-0.21 

0.18 

- 

e 

-0.69 

0.74 

-0.81 

-0.19 

- 

p 

0.03 

-0.13 

0.24 

0.04 

-0.23 

1  i* 


IVIV 


Figure  Captions 


Fig.  1.  Measured  major  (*)  and  minor  (o)  axes  of  Vesta,  the  model’s  (from 
Table  II)  major  diameters  for  the  projected  asteroid  and  for  the  terminator  (solid 
lines),  and  the  model’s  minor  diameters  (dashed  lines)  for  the  projected  asteroid 
and  for  the  terminator  plotted  against  rotational  phase.  Minimum  cross-sectional 
area  (minimum  light)  occurs  at  0  and  180°.  Rotational  phase  0°  corresponds  to 
7.674  UT  ,  Nov.  16,  1983,  and  rotational  phase  360°  is  13.016  UT.  The  first  and 
third  points  (with  tick  marks)  are  folded  back  from  Nov.  17  using  a  period  of  5hr 
and  20.5min. 

Fig.  2.  Same  as  Fig.  1,  but  for  the  position  angle  (gamma)  of  the  major  axis 
relative  to  the  position  angle  at  maximum  elongation  (and  light). 

Fig.  3a  -  3j.  Deconvolved  power  spectra  of  the  ten  observations  of  Vesta  shown 
with  contour  w'raps  at  intervals  of  2%  of  the  peak  power.  Note  in  particular  the 
artifacts  along  the  horizontal  and  vertical  axes. 

Fig.  4a  -  4j.  Same  as  Fig.  3  but  corrected  for  detector  artifacts  and  seeing 
mismatches. 

Fig.  5.  Three  different  reconstructed  images  of  the  first  Vesta  observation 
(using  200  Fienup  iterations  in  each  case).  In  this  figure,  and  in  Figs.  6  and  7,  true 
celestial  North  is  up  and  East  is  to  the  left. 

5a:  The  power  spectrum  of  Vesta  with  detector  artifacts,  but  corrected  for 
seeing  mismatches  by  recapping  with  the  average  power  spectrum. 

5b:  The  power  spectrum  corrected  for  detector  artifacts,  and  corrected  for 
seeing  mismatches  using  the  iterative  method  described  in  the  text. 

5c:  The  power  spectrum  corrected  for  detector  artifacts,  and  corrected  for 
seeing  mismatches  by  recapping  with  the  average  power  spectrum.  This  method 
was  the  one  adopted  for  all  observations. 

Fig.  6.  Four  different  reconstructed  images  of  Vesta  after  0,  50,  100,  and  200 
Fienup  iterations  (6a  -  6d,  respectively).  Notice  that  the  image  of  Vesta  becomes 
more  realistically  circular  after  using  Fienup  iterations  to  correct  possible  initial 


phase  errors. 


Fig.  7.  Power  spectra,  Knox-Thorapson  phases,  and  reconstructed  images 
of  the  double  star  SA0093840  (left  column,  headed  by  the  characteristic  power 
spectrum  fringe  pattern  of  a  double  star)  and  the  first  Vesta  observation  (right 
column).  The  pow'er  spectra  are  shown  with  contour  wraps  at  2%  of  the  peak 
power,  and  the  phases  are  shown  with  contour  wraps  of  2 7r . 

Fig.  8.  Reconstructed  images  of  Vesta  on  Nov.  1C,  1983.  The  top  row  shows 
the  actual  images:  the  middle  row  shows  lines  of  longitude  and  latitude  at  30° 
intervals,  the  sub-Earth  point  (plus  at  center),  and  the  sub-Sun  point  (off-center 
dot)  superimposed  on  the  images,  where  the  individual  pixels  have  been  smoothed; 
the  third  row  shows  the  same  as  the  second  row,  but  superimposed  on  contours  at 
15S7  intervals,  and.  in  addition,  have  features  A-F  circled  right  to  left,  (see  text). 
True  North  is  30’  to  the  right  (West)  of  the  vertical,  which  is  the  direction  of 
asterocentric  North. 

Fig.  9.  Model  lightcurves  of  Vesta.  Shown  is  the  1954  lightcurve  (— )  obtained 
closest  to  the  position  of  the  asteroid  when  we  observed.  The  short  dashed  line 
is  the  lightcurve  for  our  model  without  albedo  features,  the  solid  line  includes  the 
six  features  identified  in  Fig.  8  as  well  as  the  inferred  spot  not  visible  during  our 
observations.  The  longer  dashed  line  departing  from  the  solid  line  is  the  predicted 
lightcurve  without  the  inferred  feature  located  on  the  other  side  of  the  asteroid 
during  our  observations.  Open  circles  are  the  products  7ra/3  taken  from  Fig.  1 
plotted  at  the  rotational  phases  of  our  observations  projected  back  to  1954  with  the 
sidereal  period  and  pole  from  our  analysis. 
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Abstract 

The  Weighted  Shift-and-Add  algorithm  (WSA)  is  an  image  reconstruction  technique 
wnereoy  diffraction  limited  images  of  astronomical  objects  are  obtained  from  speckle 
interferometric  data. 

This  paper  attempts  to  put  the  understanding  of  WSA  on  a  firm  mathematical  basis  by  a 
statistical  analysis  of  the  algorithm.  The  approach  follows  that  of  the  Hunt,  Fright, 
and  Bates  study  carried  out  for  the  Simple  Shift-and-Add  algorithm.  The  expected  WSA 
profile  is  found  to  be  linearly  dependent  on  the  square  modulus  complex  coherence- 
function  of  a  speckle  pattern.  The  last  section  of  this  paper  contains  a  discussion  of 
how  the  statistical  analysis  compares  to  the  results  obtained  with  our  new  Weighted 
Sh i f t - a n 1 - Add  procedures  usinq  cross -cc r r e la t i on  (WSA/XC)  and  deconvolution  (WSA/WD). 

Introduction 

WSA  is  an  extension  of  the  Shift-and-Add  image  reconstruction  technique  (SAA)  first 
proposed  by  Bates  and  Cady^  and  by  Lynds,  Worden  and  Harvey2.  SAA  relocates  the 
maximum  intensity  pixel  in  a  specklegram  to  the  frame  center  after  which  the  frame  is 
co-added  to  other  shifted  specklegrams  to  obtain  the  SAA  image.  This  paper  discusses  a 
statistical  model  for  both  the  weighted  deconvolution  (WSA/WD)  and  the  cr oss-cor r e 1  a t i on 
(WSA/XC)  variants  of  WSA  as  presented  in  Christou  et  al.  WSA/XC  correlates  each 

specklegram  with  a  set  of  delta  functions  representing  the  position  and  intensity  of 

each  point  determined  to  be  a  local  maximum.  The  WSA/WD  result  is  obtained  by 
deconvolving  the  WSA /XC  result  by  the  average  power  spectrum  of  the  impulse  distribution 
corresponding  to  the  local  maximum  positions. 

Our  WSA  statistical  analysis  is  an  extension  of  the  analysis  of  the  Simple  Shift-and- 
Add  algorithm  undertaken  by  Hunt,  Fright  and  Bates4.  They  found  the  expected  SAA 
intensity  profile  to  be 

S  ( x )  =  2  < I >  +  Rs  ( x )  (Im  -  < I > )  /  <  I  > 2  -  I m  (1) 

where  <I>  is  the  average  intensity  of  the  specklegram  and  where  Im  is  the  maximum 

intensity  found  in  the  frame.  R^(x)  is  a  real  function  of  the  complex  coherence  of  the 
speckles  and  is  independent  of  individual  speckles  under  the  assumption  that  the  speckle 
process  remains  constant  with  time.  Rs(x)  is  related  to  the  complex  coherence  function 
uA(x)  by  the  expression'’ 

Rs(x)  =  <I>2  (  1  +  j  u  A ( x )  | 2  )  (2) 

where 

0  i  I UA(X) I  £  1 

If  eq.  (2)  is  substituted  into  eq.  (1)  the  result  is 

s  ( X)  =  (I  -  <I>)  |uA(x)  I2  +  <I>  (3) 

Since  | u  A ( x )  |  2  is  the  only  spatially  variant  term  in  eq.  (3),  any  understanding  of 
the  results  of  the  SAA  analysis  (and  hence  the  WSA  analysis,  as  will  be  shown]  is  based 
on  a  knowledge  of  the  structure  of  the  complex  coherence  function  uA(x). 

*  Observations  reported  here  were  obtained  at  Kitt  Peak  National  Observatory1 1 

**  Visiting  Astronomer  from  the  Department  of  Astronomy,  New  Mexico  State  University, 
Las  Cruces,  NM  88003. 

+  Visiting  Astronomer,  Kitt  Peak  National  Observatory++. 

♦ »  Kitt  Peak  National  Observatory  is  a  division  of  the  National  Optical  Astronomy 
Observatories,  operated  by  the  Association  of  Universities  for  Research  in  Astronomy, 
Inc.,  under  contract  to  the  National  Science  Foundation. 
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Goodman-5  uses  the  complex  coherence  function  extensively.  One  expression  that  he 
derives  is  the  conditional  probability  density 

pdjllj)  ■  gXP  [  ~  ^  ■  UA 1 2  L1  +  l2i/a>(1  -  |ua|2)]  t  /2\ZV~2  ^A1  \  (4, 

<i»o  -  luA!2)  °l  <I>C1  -  |ma!2) J 

where  I Q ( x )  is  the  modified  Bessel  function  of  the  first  kind,  zeroth  order  and  where  1^ 
and  I j  are  two  intensities  separated  by  a  distance  x  in  a  speckle  pattern.  Through  the 
use  of  this  probability  density  we  are  able  to  obtain  estimates  of  the  complex  coherence 
function. 


Observe  t ions 


Using  astronomical  speckle  interferometric  data  of  the  unresolved  star  Gamma  Orionis 
taken  at  the  KPNO  3.8m  telescope  at  wavelength  650  nm,  it  is  easy  to  build  up  histograms 
which  are  equivalent  to  plots  of  eq.(4)  at  constant  radii.  Assuming  that  the  speckle 
intensity  distribution  can  be  approximated  by  a  normal  distribution,  only  those 
portions  of  the  specklegram  which  are  bounded  by  the  radius  corresponding  to  the  FWHM  of 
the  mean  seeing  disk  ate  used.  For  example,  to  determine  the  probability  curve  at  a 
radius  equal  to  one,  the  intensity  of  each  pixel  is  divided  into  the  value  of  the 
intensity  of  the  immediately  adjoining  pixels.  This  quotient  is  then  multiplied  by  one 
hundred  and  the  appropriate  location  in  the  probability  histogram  is  incremented. 
Approximately  100  frames  are  used  in  computing  these  curves.  The  frames  are  centered 
so  that  the  same  region  of  the  speckle  distribution  is  used  each  time.  An  estimate  for 
I  u, (x)  |2  is  then  determined  by  finding  that  value  which  minimizes  the  summed  squared 
difference  between  the  model  curve  and  the  data.  This  procedure  is  repeated  for  each 
radius  up  to  five  pixels.  The  results  of  these  measurements  are  seen  in  Table  1.  The 
probability  curves  and  the  best  model  fits  ate  seen  in  Figs.  1(a)  —  (d).  The  same  curves 
calculated  again  using  2000  frames  of  data  produce  identical  results.  This  shows  that 
increasing  the  number  of  specklegrams  used  to  compute  the  probability  curves  does  not 
increase  the  signal  to  noise  ratio  for  the  data  set  digitized  with  our  system. 

Table  1.  Comparison  of  Measurements 


PIXEL 

Kv'*> ! 2 

WSA/WD 

THEORETICAL 
AIRY  DISK 

l 

.  803 

.892 

.892 

2 

.6  12 

.  590 

.624 

3 

.283 

.  304 

.322 

4 

.  050 

.096 

.  101 

5 

J 

.017 

.  007 

The  obvious  disagreement  between  the  model  and  the  calculated  curves,  seen  in  Figs. 
1(a)— (J),  is  due  largely  to  quantization  effects  of  8-bit  digitization.  This  causes 
the  data  to  look  like  it  is  composed  of  a  large  number  of  spikes.  Especially  prominent 
are  the  spikes  located  at  50,  100,  150,  and  200.  As  an  example,  the  spike  at  the 
division  ratio  100  is  caused  by  the  very  large  number  of  pixels  of  intensity  1  divided 
by  other  pixels  of  intensity  1  .  Notice  that  one  of  these  artifacts  is  centered  at 
zero.  This  is  a  particularly  limiting  departure  from  the  model  as  conditional 
probability  curves  of  low  juA(x)  are  distinguished  from  each  other  almost  solely  by 
the  nature  of  the  model  at  these  low  intensity  ratios. 


\ p p li cat  ions  to  Weighted  5h i f t-and-Add 


As  previously  mentioned,  WSA/XC  differs  from  SAA  in  that  WSA/XC  weights  and  shifts  on 
a  number  of  points  m  the  specklegram,  ideally  all  of  the  set  of  local  maxima  {  I  )  .  If 
we  were  to  assume  that  WSA/XC  shifts  on  pixels  of  all  intensities,  that  is  to  say  if  the 
intensity  distribution  of  speckle  maxima  obeys  the  distribution 

Pd,)  =  ( l/<  Im>)  exp(-Im/<l>)  (5) 

where  0  <  I m  <oo  and  where  <I>  is  the  average  value  of  the  specklegram,  then  the 

resulting  WSA/XC  profile  W(x)  would  equal: 

W(x)  =  Em  [  S ( x )  ]  (6) 
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Figure  1:  Conditional  probability  curves  for  (a)  radius  =  1,  (b)  radius  =  2,  (c)  radius 
=  3  &  (d)  radius  =  4  pixels. 


where  Em  denotes  the  expectation  value  taken  over  the  random  variable  I  and  where  S(x) 
is  given  by  eq.  (3).  Performing  the  expectation  and  summing  over  the  specklegram  data 
set  yields 

W(x)  =  < I > 2 ( | uA (x)  |2  +  1)  (7) 

sirK-'  ua(0)I  I  l'  we  would  expect  the  WSA/XC  profile  to  look  like  some  function  with 
amplitude  <i>  superimposed  on  a  constant  background  of  value  < I > 2  .  in  practice, 
however,  the  pixels  that  are  used  to  develop  the  cross-correlation  array  are  determined 
by  a  local  maximum  selection  technique.  Thus  the  probability  distribution  P{J) 
governing  the  experimentally  detected  speckle  maxima  is  an  empirically  determined 
curve.  In  addition,  suppose  that  the  mean  value  <>>  of  these  maxima  can  be  computed. 
Furthermore  <7>  is  greater  than  <I>  because  of  the  threshold  for  maximum  detection. 
Then,  we  find  that  the  WSA/XC  profile  equals 

W’(x)  -  E7l  S  (x)  )  (8) 

where  E^denotes  the  expectation  value  over  the  actually  detected  speckle  maxima 
using  the  distribution  P(7).  Performing  the  expectation  yields 


w*  (X) 


K  r>  -  <7><I>)  |uA(x)|i  +  <7>  < I > 


(9) 


which  can  be  normalized  to  give 

W ( x )  =  j  u A ( x )  |  2  +  <7>  < I >/ ( <  7  2>  -  <7 > < I > )  (10) 

It  <I>,  <  7  >  and  <  7“>  are  competed  frame  by  frame  for  the  Gamma  Orionis  data  set  used 

to  compute  the  conditional  probability  curves,  the  prediction  for  the  WSA  intensity 
profile  is 


|uA(x) | 2  +  .49 

If  the  same  data  set  is  reduced  using  WSA/XC  the  result  is 

| uA(x) | 2  +  .44 

which  compares  very  well.  The  outcome  of  this  WSA/XC  reduction  is  seen  in  Fig.  2.  In 

computing  that  result  use  was  made  of  the  fact  that  the  seeing  bias  can  be  approximated 

by  a  normal  curve  plus  a  constant  background.  Since  every  point  correlates  perfectly 
with  itself,  |uA(x)  j2  is  identically  equal  to  unity  at  the  origin.  If  we  assume  that 

the  estimation  of  the  normal  background  is  the  main  source  of  error  in  this  calculation 

then  further  computation  should  allow  a  prediction  of  the  signal  to  noise  limit  for  a 
WSA  reduction. 
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PIXELS 

Figure  2:  Cross  section  of  WSA/XC  image  of  Gamma  Orionis.  (1  pixel  =  7.22  msa). 


The  weighted  deconvolution  WSA/WD  is  the  method  of  choice  as  compared  to  WSA/XC  in 
that  it  suppresses  the  seeing  produced  background  almost  to  the  noise  level  of  the 
system  .  Table  1  compares  the  computed  values  of  |uA(x)|2  and  the  theoretical  Airy  disk 
with  the  results  of  the  same  Gamma  Orionis  data  set  reduced  using  WSA/WD.  Fig.  3  plots 
the  data  presented  in  Table  1.  Notice  that  |uA(x)]2  falls  off  in  a  very  similar  manner 
to  both  the  other  curves.  This  leads  us  to  the  conclusion  that  |uA(x)|2  is  very 
similar  in  structure  to  the  theoretical  Airy  disk  (if  indeed  there  is  any  difference). 
Specifically,  these  results  indicate  that  the  statistical  model  above  appears  to  make 
accurate  predictions  about  the  behavior  of  the  WSA  process.  The  predictions  about  the 
structure  of  the  complex  coherence  apply  for  both  WSA/XC  and  WSA/WD. 

0 i scuss i on 


The  entire  preceding  discussion  makes  no  reference  to  the  concept  of  "speckles".  The 
term  speckle  is  casually  used  to  describe  a  distorted,  diffraction  limited  image  found 
in  a  specklegram.  The  number  of  speckles  ,  usually  computed  as  proportional  to  (D/r0)  , 
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Figure  3:  Comparison  of  measurements  with  theoretical  Airy  profile. 

is  always  assumed  to  be  much  less  than  the  number  of  pixels  in  a  specklegram  and  each 
speckle  is  also  assumed  to  have  an  identifiable  maximum.  If  such  isolated  speckles 
exist,  then  the  intensities  in  the  area  in  the  specklegram  associated  with  a  speckle 
should  be  qualitatively  different  from  those  for  any  arbitrary  point  in  the  field. 
Those  assumptions  suggest  that  a  good  way  to  identify  the  location  of  the  speckles  in  a 
frame  should  be  to  find  all  the  local  maxima  in  a  specklegram.  The  curves  described  in 
this  paper  can  be  recomputed  excluding  all  the  local  maxima.  Contrary  to  these 
assumptions,  inspection  of  the  second  set  of  curves  reveals  no  substantial  change  from 
the  probability  curves  computed  with  the  full  frame.  In  fact,  all  differences  between 
the  two  can  be  attributed  solely  to  the  fact  that  a  maxima  defines  a  pixel  which  is 
greater  in  intensity  than  all  surrounding  pixels,  and  therefore  statistically  carries 
more  information. 

This  leads  us  to  the  conclusion  that  in  a  statistical  sense,  speckles  exist 
continously  through  a  specklegram.  For  the  case  of  the  point  source  this  would  require 
that  an  Airy  disk  be  centered  at  each  point  in  the  specklegram.  Furthermore,  it 
confirms  that  local  maxima  represent  nothing  more  than  pixels  with  good  statistics. 
Due  to  exponential  photon  statistics  in  a  single  specklegram,  statistical  fluctuation 
at  a  particular  maximum  so  dominates  the  local  area  that  in  effect  an  isolated  speckle 
(a  diffraction  limited  image)  may  be  said  to  exist. 
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ABSTRACT 

Between  1981  February  and  1983  December  a  series  of  speckle  interferometric  observations  were  made  of 
the  M-type  supergiant  x  Orionis  in  an  attempt  to  produce  two-dimensional  images  of  the  star  at  the  Hx  line. 
The  telescopes  employed  include  the  Steward  Observatory  2.3  m  and  NOAO  4  m  telescopes  at  Kitt  Peak  and 
the  fully  phased  six-mirror  Multiple  Mirror  Telescope.  Two  types  of  data  reduction  techniques  were  used:  ill 
shift-and-add  methods  applied  to  conventional  speckle  interferometric  observations,  and  (2)  differential  speckle 
interferometry.  Data  analysis  included  the  application  of  the  CLEAN  algorithm  to  calibrate  the  images  pro¬ 
duced  by  the  shift-and-add  technique  with  data  reduced  similarly  for  a  point  source.  The  images  produced  are 
encouragingly  consistent  in  suggesting  asymmetric  atmospheric  structure;  possible  evolution  of  that  structure 
over  the  three-year  period  of  observations  is  noted. 

Subject  headings:  interferometry  —  stars:  individual 


I.  INTRODUCTION 

The  low  surface  gravity  and  absence  of  strong  magnetic  field 
lines  cause  the  surrounding  envelopes  of  red  supergiant  and 
giant  stars  to  be  very  extended  and  relatively  cool.  This  makes 
them  visible  in  the  light  of  the  hydrogen  Balmer  lines  (e.g.. 
Hx  z.6563)  and  the  singly  ionized  calcium  lines  (e.g..  Ca  it 
/.8582).  Occultation  measurements  by  White,  Kreidl  and  Gold¬ 
berg  ( 1982)  and  preliminary  speckle  observations  (Goldberg  el 
al.  1982)  have  presented  evidence  for  spatially  extended  Hx 
emission  surrounding  M-type  supergiants.  Asymmetry  dis¬ 
covered  in  the  cores  of  several  strong  resonance  lines  in  M 
stars  (Adams  and  MacCormack  1935)  suggests  that  these  giant 
stars  are  surrounded  by  huge  circumstellai  shells  moving  away 
from  the  central  star  at  velocities  on  the  order  of  5  km  s 
Furthermore,  it  has  been  shown  (Deutsch  1956)  that  such 
shells  are  responsible  for  considerable  mass  loss. 

The  most  thoroughly  studied  of  all  red  giant  stars  has  been  x 
Ori.  an  M2  lab  late-type  supergiant.  Like  most  red  giant  and 
supergiant  stars,  x  Ori  is  an  irregular  variable  and  displays  a 
high  mass  loss  rate,  typically  calculated  as  about  -  10  h  M a 
yr  '.  Numerous  observations  have  also  identified  variability 
in  both  the  visual  brightness  and  radial  velocity  of  the  super¬ 
giant  star  on  time  scales  of  a  few  weeks  or  months.  The  mean 
amplitudes  are  about  half  a  magnitude  and  6  km  s  '  respec¬ 
tively.  For  a  review  see  Goldberg  (1984).  The  long-term  varia¬ 
bility  roughly  satisfies  the  phase  relation  for  a  pulsating  star. 

Dali*  from  the  Multiple  Mirror  Telescope,  a  joint  facility  of  the  University 
ol  Arizona  and  the  Smithsonian  Institution,  the  4  m  Mayall  reflector  at  Kill 
Peak  National  Observatory,  a  division  of  National  Optical  Astronomy  Oh  ,er- 
% ati Ties,  which  is  operated  by  Associated  Universities  tor  Research  m 
Astronomy.  Inc.  under  contract  to  the  National  Science  Foundation.  and  the 
Steward  Observatory  2.3  m  reflector 

Also  Department  of  Astronomy.  New  Mexico  State  l  muTMty,  l  as 
Cr-u.cs 

Visiting  Astronomer  Km  Peak  National  Observatory 


i.e..  maximum  brightness  coinciding  with  minimum  radius 
(Sanford  1933).  though  Guinan  (1984)  observes  that  the  short¬ 
term  light  and  radial  velocity  variations  are  usually  uncoupled 
In  addition.  Hayes  (1984)  has  produced  results  showing  varia¬ 
tion  in  the  polarization  of  x  Ori  on  time  scales  of  months. 
Possible  temporal  irregularity  and  spatial  inhomogenity  are  in 
accord  with  the  suggestion  of  Schwarzschild  (1975)  that  the 
surfaces  of  supergiants  may  be  irregular  due  to  the  presence  of 
very  large  convective  cells. 

Since  1920.  when  Michclson  and  Pease  (1921)  first  deter¬ 
mined  the  angular  diameter  of  x  Ori,  the  star  has  become  one 
of  the  most  frequently  observed  objects  using  high-resolution 
interferometric  techniques.  The  angular  diametei  measure¬ 
ments  which  have  been  obtained,  as  summarized  by  White 
(1980),  show  a  wide  scatter  of  values.  However,  a  circumstellar 
envelope  of  outflowing  material  may  have  influenced  those 
measures  in  a  way  dependent  on  the  bandpass  and  the  epoch  of 
observation  (Cheng  et  ai  1986).  Purely  interferometric 
methods  (visibility  measures)  would  be  highly  biased  by  such 
effects.  Thus  there  is  urgent  need  for  real  images  to  sort  out 
these  spatial  effects. 

It  was  not  until  1976  that  the  first  attempt  at  image  recon¬ 
struction  of  this  star  (or  indeed  of  any  other  star  other  than  our 
own  Sun)  was  published,  by  Lynds,  Worden,  and  Harvey 
(1976.  hereafter  LWH).  The  breakthrough  in  ground-based 
high-resolution  methods  which  led  to  this  and  subsequent 
results  came  when  Labeyrie  (1970)  proposed  the  technique  of 
stellar  speckle  interferometry  (SI).  This  technique  enables 
diffraction-limited  resolution  to  be  obtained  from  large  optical 
telescopes,  despite  the  effects  of  atmospheric  turbulence,  by 
utilizing  single  short-cxposuic  narrow-bandwidth  images 
( speck legrams).  Since  Labeyrie's  original  work,  many  exten¬ 
sions  have  been  made  to  the  theory  and  application  of  SI  and. 
in  particular,  to  the  recovery  of  diffraction-limited  images.  One 
such  image  reconstruction  technique  which  is  relevant  to  the 
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work  described  here  is  known  as  shift-and-add  (SAA).  This  is 
an  extension  by  Bates  and  Cady  (1980)  of  the  method  used  by 
LWH  and  refined  by  Welter  and  Worden  (1980),  which  pro¬ 
duced  that  first  stellar  map.  SAA  is  discussed  in  more  detail  in 
$  111.  Another  recent  modification  of  SI  is  a  technique  called 
differential  speckle  interferometry  (DSI),  as  proposed  by 
Beckers  (1982).  DSI  uses  two  simultaneously  acquired  narrow- 
band  images  (see  §  IV). 

Diffraction-limited  imaging  of  the  resolved  disk  and 
extended  atmosphere  of  z  Ori  and  other  giant  stars  may 
become  an  invaluable  aid  to  the  understanding  of  stellar  mass 
loss  processes  and  to  the  study  of  stellar  evolution.  In  addition, 
as  Hartmann  11982)  suggests,  the  combination  of  high- 
resolution  images  with  radio  measurements  should  yield  a 
much  clearer  picture  of  electron  densities  and  temperatures  in 
the  inner  regions  of  the  stellar  wind. 

In  this  paper  we  present  the  results  obtained  from  a  series  of 
SI  observations  of  z  Ori  made  over  a  three-year  period.  The 
resolved  disk  and  Hz  envelope  of  the  star  have  been  imaged 
using  a  variety  of  techniques.  We  note  asymmetric  features 
with  a  consistent  position  angle  in  each  image,  and  the  results 
suggest  that  the  structure  may  have  changed  visually  during 
the  period  between  observations. 

II.  OBSERVATIONS 

Between  1981  February  and  1983  December,  a  Ori  was 
observed  on  four  separate  occasions  with  the  purpose  of 
obtaining  information  on  the  structure  of  the  star’s  disk  and 
extended  envelope  at  the  Ha  wave  band.  Two  basic  SI  tech¬ 
niques  were  employed:  conventional  SI,  and  DSI.  The  imple¬ 
mentation  of  each  method  is  discussed  separately  below. 

id  Conventional  Speckle  Interferometry 

Observations  of  a  Ori  were  made  at  the  NOAO  4  m  tele¬ 
scope  (pupil  masked  to  3.8  m)  on  1981  February  2/3  and  also 
on  the  Steward  2.3  m  telescope  at  Kill  Peak  on  1982  Novem¬ 
ber  5  6  using  the  Steward  Observatory  intensified  video 
speckle  camera,  as  described  by  Hege  el  at.  (1982).  The  instru¬ 
mental  and  observational  parameters  for  both  runs  were  essen- 


/>)  Differential  Speckle  Inlcrf'eronu  iri 

DSI  observations  of  a  Ori  were  made  using  the  Stew  aid  2  3 
m  telescope  on  1982  March  5  7  and  on  the  fully  phased  six- 
mirror  Multiple  Mirror  Telescope  (MMT.  see  Hege  et  al  1983) 
on  1983  December  16- 17.  This  new  technique  utilizes  the  dif¬ 
ferential  speckle  camera  (Beckers,  Hege,  and  Murphy  1983). 
which  enables  an  object  to  be  observed  at  two  wave  bands 
simultaneously.  This  is  achieved  by  passing  the  light  from  the 
star  through  a  solid  Fabry-Perot  etalon.  which  has  a  different 
narrow  passband  at  two  orthogonal  polarizations,  and  then 
shifting  one  polarized  image  with  respect  to  the  other  usine  a 
Wollaston  prism.  In  this  way  two  specklegrams  are  produced, 
separated  by  -  7.38  mm  in  the  image  intensifier  focal  plane. 
Adjustment  of  the  etalon  temperature  shifts  the  bandpasses  for 
the  two  polarizations.  The  bandpass  separation  and  full  width 
at  half-maximum  at  peak  transmission  are  dependent  on  the 
choice  of  mica  spacer  in  the  etalon.  The  1982  March  observa¬ 
tions  were  obtained  at  seven  different  wavelength  positions 
centred  around  the  Hz  line  (Hz  +  1.5  A.  Hz  r  I  A,  Hz  ±  0.5 
A,  Hz),  and  simultaneously  in  the  nearby  continuum  -  4  A 
away.  The  bandwidth  of  the  Hz  filter  was  0.45  A.  The  198  7 
December  MMT  observations  produced  specklegrams  at  Hz 
(bandwidth  1.2  A)  and  continuum  ~6  A  away.  Once  again  ; 
Ori  was  used  as  a  point  source  calibration  star.  Data  were 
obtained  for  the  supergiant  at  two  distinct  sky  position  angles 
separated  by  ^80  .  Identification  of  image  features  which 
rotate  correspondingly  is  a  very  strong  validation  of  the  tech¬ 
nique.  Video  specklegram  pairs  were  recorded  in  an  identical 
manner  to  that  described  for  conventional  speckle  observa¬ 
tions.  Each  video  frame  was  digitized  as  two  128  x  128  pixel 
arrays  and  stored  consecutively  on  nine-track  magnetic  tape. 

III.  CLEAN  SHIET-AND-ADD  IMAGES 

The  principal  concept  behind  the  imaging  technique  used  by 
LWH  is  that  each  individual  bright  speckle  in  a  specklegram 
may  be  considered  as  a  photon-noise-limited  representation  of 
a  randomly  distorted  but  nearly  diffraction-limited  image  of 
the  star.  Thus  LWH  realized  that  they  might  be  able  to  form  a 


tially  the  same.  Hz  lz.6563/3  A)  and  red  continuum  (z.6500/20 
At  bandpass  filters  were  employed  to  observe  the  supergiant  as 
well  as  point  source  calibration  stars  i:  and  y  Ori.  We  note  that 
a  recently  detected  secondary  component  of  y  Ori  (Papaliolios, 
Nixenson.  and  Ebstein  1985)  is  outside  our  field  of  view.  Video 
specklegrams  were  recorded  for  -~15  minute  intervals  for  a 
Ori.  interspersed  with  5  minute  observations  of  the  calibration 
siars.  The  specklegrams  were  recorded  with  15  ms  exposures  at 
the  rate  of  7.5  Hz.  equivalent  to  every  fourth  video  frame. 
Excluding  light  from  three  of  every  four  frames  enables  the 
image  intensifier  afterglow  to  decay  sufficiently  between  expo¬ 
sures  so  that  unevenness  in  the  background  signal  can  be 
removed  by  on-line  subtraction  of  consecutive  frames.  The  15 
ms  exposure  time  is  sufficiently  short  to  effectively  freeze  the 
atmospheric  turbulence  so  that  specklegrams  retain  informa¬ 
tion  at  frequencies  up  to  the  diffraction  limit  of  the  telescope. 
Postobservational  data  processing  begins  with  digitization  of 
the  spo.k Icgrams  S  bits  deep  m  a  128  >  128  pixel  array  by  a 
liimnell  digital  television  system  I  lie  digitized  data  is  stored 
on  nine-track  tapes  using  the  Steward  Observatory  Point  4 
minicomputer  system  Preliminary  results  of  our  one- 
dimension.il  analysis  of  these  data,  which  produced  a  stellar 
radius  of  42  I  mas  with  limb-darkening  dependent  on  observ¬ 
ing  bandpass,  have  been  presented  in  Cheng  et  al.  (I98h). 


useful  image  of  a  resolvable  astronomical  object  by  super¬ 
posing  the  brighter  speckles  obtained  from  a  series  of  speckle¬ 
grams.  thus  averaging  the  random  distortions  and  building  an 
average  which  approximates  the  true  image  as  more  and  more 
data  are  added.  This  was,  as  mentioned  earlier,  later  developed 
into  the  technique  known  as  shift-and-add  by  Bates  and  Cady 
(1980).  This  idea  of  stacking  all  the  speckles  from  a  large 
number  of  frames  was  applied  to  the  Hz  data  of  z  and  c  Ori 
obtained  on  the  2.3  m  telescope  in  1982  November.  In  practice 
the  stacking-up  procedure  consisted  of  cross-correlating  the 
specklegram  with  an  array  containing  a  series  of  delta  func¬ 
tions  whose  position  and  amplitude  correspond  to  the  position 
and  peak  height  of  the  speckles.  This  process  produces  an 
image  which  is  situated  on  a  broad  background.  This  back¬ 
ground  is  subtracted  to  a  high  degree  by  comparison  to  a 
suitable  Gaussian  function.  Figures  hi  and  lb  show  the  results 
for  1000  specklegram  frames  of  z  and  e  Ori  respectively.  The 
general  elongation  in  the  vertical  direction  is  due  to  the  pixels 
having  a  smaller  scale  in  the  north-south  direction  than  in  the 
east-west  direction.  The  e  On  image,  as  well  as  the  z  Ori  image 
to  a  much  lesser  degree,  contains  an  artifact  due  to  nonlinear 
effects  of  the  video  system.  As  the  television  camera  scans 
across  very  bright  speckles,  nonlinearitics  in  the  Sony  video 
cassette  recorder  cause  the  effective  intensity  of  the  scan  to 
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Kici.  I  — Shift-and-add  images  {>.6563  3  A  filter.  2.3  in  telescope;  resolution  50  mas)  of(ul  y  Ori  and  (6|<  ()n;(< )  the  C'LIi  ANed  image  of  y  Ori 


"undershoot.”  as  illustrated  in  Figure  2.  Thus  the  images 
appear  compressed  on  one  side,  in  the  scan  line  direction 
adjacent  to  the  part  of  the  image  at  which  the  speckles  are 
brightest  (i.e.,  the  center).  The  brighter,  more  pointlike,  e  Ori 
speckles  cause  more  severe  “  undershoot "  to  occur. 

In  order  to  produce  an  image  of  %  Ori  free  from  the  effects  of 
the  telescope  point-spread  function  (PSF)  and  from  spurious 
systematic  effects  like  those  described  above,  attempts  were 
made  to  deconvolve  the  image  with  the  c  Ori  image  using  the 
CLEAN  algorithm.  The  CLEAN  procedure  (Hogbom  1974) 
has  been  successfully  applied  in  the  past  to  radio  interferomet- 


Displacement  along  raster 

ti<t  Z  IlluMraiion  of  video  scan  ”  undershoot  ”  produced  by  excessively 
bright  speckle'.  This  is  the  source  of  "notch”  downrasier  of  peaks  in  tigs  !u 
and  I h 


ric  data  in  order  to  remove  structural  features  due  to  the  syn¬ 
thesized  interferometer  beam. 

Conventionally,  the  preprocessed  image  is  referred  to  as  the 
“dirty  map,”  and  the  image  with  which  the  deconvolution  is 
performed  as  the  "dirty  beam."  CLEAN  is  an  iterative  process 
which  locates  the  point  of  greatest  intensity  in  the  dirty  map 
and  subtracts  at  this  location  the  dirty  beam  whose  peak  inten¬ 
sity  is  G%  of  the  current  peak  in  the  dirty  map.  This  process  is 
repealed  on  the  residual  after  subtraction.  The  quality  of  the 
final  "CLEANed  map"  is  dependent  on  both  the  value  of  the 
loop  gain  O'  and  the  number  of  iterations.  In  this  way  a  set  of 
delta  functions  of  varying  intensities  are  generated  such  that 
the  dirty  map  can  be  considered  as  a  weighted  sum  of  dirty 
beams  plus  the  final  residual.  The  number  of  iterations  is  sel¬ 
ected  so  that  either  the  intensity  in  the  final  residual  is  equal  to 
the  expected  noise  level  or  that  only  a  certain  number  of  delta 
functions  have  negative  intensities.  The  CLEANed  map  is  then 
obtained  by  convolving  the  array  of  delta  functions  with  an 
estimate  of  the  "CLEAN  beam."  commonly  obtained  by 
lilting  a  Gaussian  to  the  central  component  of  the  dirty  beam. 

Thus  the  CLEAN  algorithm  was  applied  to  x  Ori  using 
Figure  In  as  the  dirty  map  and  Figure  16  as  the  dirty  beam. 
The  CLEANing  was  performed  by  using  50  iterations  and  a 
loop  gain  of  70",,.  The  CLEANed  image  of  x  Ori  is  shown  in 
Figure  lc.  Since,  as  mentioned  above,  the  undershoot  effect 
does  not  occur  equally  in  the  x  and  e  On  data  (more  severe  for 
brighter  t  Ori  speckles),  the  Cl  FAN  procedure  is  likely  to 
overcompensate  a  little  However,  the  undershoot  elVect  appar¬ 
ent  in  Figure  lu  does  appear  lo  have  been  eliminated  to  a  high 
degree  in  Figure  lc.  The  outer  2"  contour  shows  significant 
elongation  in  I  he  northw  est-southeast  direction  at  a  position 
angle  of  -  120  (mod  ISO  i  However,  the  inner  contours 
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exhibit  .in  elongation  at  a  position  angle  of  I f'l>  (mod  |xo  i 
The  2  contour  extends  over  a  diameter  ol  -  bonus 

A  recent  modification  of  the  SAA  technique  has  been  imple¬ 
mented  which  enables  speckles  to  be  co-added  without 
producing  the  tiaussian-like  background  Weighted  shilt-and 
add  ( V\  SAl.  as  described  bv  t'hnstou  et  , il  i  19X5,1.  /q,  produces 
an  arras  of  impulses  in  an  identical  manner  to  that  described 
abose  and  then  deconvolves  each  speeklegram  by  its  corre¬ 
sponding  impulse  arras  Performing  a  complex  deconvolution, 
a  quotient  m  1  ourier  space,  normally  introduces  spurious 
effects  associated  sxah  the  presence  of  small  numbeis  m  the 
denominator.  WSA  avoids  this  bs  weighting  each  complex 
quotient  bs  the  power  spectrum  ol  the  impulse  anas  and 
summing  over  a  large  number  of  frames  This  technique  was 
applied  to  the  /6.SOO  20  A  and  /.65b3  3  A  observations  of  y  and 
Ori  obtained  using  the  NOAO  4  telescope  in  19X1  februars 
figures  3,i  and  3/>  show  the  WSA  reconstructed  images  lor 
1  500  specklegranis  of  y  and  ;  Ori  at  Ih  wavelengths,  and 
f  igures  3d  and  3c  show  similar  images  for  I  5( M i  specklegranis 
of  the  same  stars  using  a  6 >00  20  A  bandpass  tiller 

I’sing  the  Ori  images  as  the  dirts  beams,  the  images  ol  y 
Ori  were  (.'Ll  ANed  as  described  above  f  ifts  iterations  were 
performed  using  a  loop  gain  of  7()  The  results  of  this  clean¬ 
ing  process  are  shown  in  figures  3<  |/6563i  and  3 1  i/.6500i. 
Once  again  the  01.  Li  A  Ned  Hy  image  exhibits  significant 
northwest-southeast  elongation  The  outermost  contour  sields 
a  position  angle  of  -  I  1  7  (mod  ISO  ).  whereas  the  inner  con¬ 
tours  suggest  an  elongation  at  '160  (mod  IX(i  i  However  the 
(TT  ANed  /.6500  image  of  y  Ori  shows  practically  no  such 
elongation  above  the  level  of  the  noise 

IV  DIIIIRINtlAI  Sl»l  (  kl  I  lVIAt.lM. 

DSI  involves  recording  two  speckle  images  simultaneous!) 
ftv  observing  an  astronomical  object  at  two  distinct  but  nearby 
wavelengths,  image  information  relating  to  the  differences  m 
the  object  as  results  from  the  difference  in  wavelength  teg., 
stellar  emission  or  absorption  lines.  Doppler  shifts,  /eeman 
etfeetsi  can  be  derived  One  inherent  bcnclu  of  DSI  is  that 
information  at  very  narrow  le.g..  emission,  absorption  Intel 
wave  bands  can  be  derived  at  a  fur  greater  signul-to-noisc  i.itio 
tS  Nl  than  that  achievable  using  single-image  (conventional)  SI 
alone  Petrov.  Roddier.  and  Aime  ( 19X51  show  that  the  overall 
S  N  for  DSI  is  equal  to  the  geometric  mean  of  the  two  com¬ 
ponent  speeklegram  S  Ns,  Thus  it  is  beneficial  to  use  a  refer¬ 
ence  speeklegram  as  bright  as  possible  ITifortunatelv.  at  the 
moment  we  are  constrained  to  the  use  of  a  single  detector.  sc> 
the  line  reference  brightness  ratio  cannot  become  too  large 
without  sacrificing  single  photon  detection  in  the  line  speckle- 
gram  A  unique  unambiguous  image  of  an  obtect  at  either 
wavelength  can  on!)  be  derived  using  the  DSI  techniques 
described  here  if  the  object  intensitv  distribution  at  the  other 
w avelength  is  know n :  this  is  a  comparative  technique 

The  42  mas  diameter  disk  of  y  On  is  practically  uniesolvcd 
at  continuum  wavelengths  on  a  2.3  ni  telescope  I  Inis, 
a-suming  the  DSI  reference  specklegranis  obtained  m  19X2 
March  to  be  those  of  a  nearly  unresolved  source,  the  image  of 
the  star  at  Hy  wa  reconstructed  using  the  method  known  as 
speckle  holograph)  i Bates,  (iough.  and  Napier  1973)  I  adi  ID 
speeklegram  was  cross-correlated  with  its  corresponding  icier- 
cnee  speeklegram.  and  the  cross-correlations  weie  c,.  added 
(  ross-corrclation  produces  a  peak  situated  on  a  broad 
( iaussian-hke  seeing  background  Assuming  the  continuum 
image  to  be  unresolved,  each  of  these  peaks  repiesciits  an 


image  uf  y  On  .it  ilk  II)  « a ve  band  supei posed  oil  the  v loss- 
correlated  seeing  in  the  two  bandpasses  Isolation  ol  these 
images  was  achieved  by  subtracting  a  least-squaies  lit  (j.uiss- 
lan  model  of  i tie  seeing  baekgiound  f  igure  4  shows  the  images 
of  y  On  obtained  at  the  11/  wave  band  and  also  in  the  ne.u 
1-05  A I  and  far  l  •  1  '  A  i  wings  ol  the  hue  In  accotd  will;  the 
otliei  Ify  images  of  v  <)o  described  so  tat.  the  Jm. ■  eeniet  image 
exhibits  a  verv  sigmlieaiil  elongation  in  the  northwest 
southeast  dueeiioii.  parlicin.il  1 .  at  the  iugiiei  contour  level  - 
v.itii  a  position  angle  ol  -  I  Is  uuod  Iso  |  I  he  images  genet 
ated  troni  ot'servatioiis  m  the  wings  ol  the  line  show  verv  little 
ev  idcncc  ot  such  elongation  above  the  lev  el  <  if  the  noise  Radial 
averaged  profiles  ol  these  images,  as  show  r.  in  I  igure  \  suggest 
that  there  is  significant  intensitv  out  to  a  i  ad  ms  >1  -  4i  n  i  m.o 
This  simple  method  ol  ( i.iussian model  -ii"m.u  1 i.  ot  the 
seeing  backer  ound  "ill  inevitablv  produce  a  -■noli  p.-.in.e 
spurious  lesktual  at  the  cents!  .>!  tie  itu.ij.-a  V  t ! ,  c .  ■  .  bv  Kol¬ 
mogorov  (see  1  ned  I  abi  predicts  that  me  a;m."|  I.eiic  n.ttis- 
fer  function  t  A  1 1  i  can  be  repteseitted  by  m  exponential  '  < 
pow er  law .  i  e  near!;. .  but  not  quite.  ( iau'siun  1  lie  seeing  disk 
(long-exposure  imagei  is  the  founei  iiaiistour.  of  the  V  I  I 
figuie  ('  shows  a  I  ouner-li ati'lot nice!  '  3  power  tunclioi,  to 
which  a(iau'sian  ha-  been  titled  using  a  least -squares  routine 
Also  shown  I-  the  duleieiicv  x  tween  'lie  two  curves  Since  the 
background  comp  mem  produced  bv  this  DSI  technique  is  in 
elVec  t  tiie  uo.-cai  relation  ot  tw  o  ot  these  ( iaussun- like  fu its - 
tiotis.  we  can  expect  there  to  be  a  positive  central  iesidu.il  when 
subtt action  a  best-m  (i.iussian  i-  pcrf«*riucd  finis  all  the 
images  show :>  in  I  iguie  4  are  at titiciallv  bioadened  Neverthe¬ 
less.  since  this  systematic  etlecl  is  common  to  all  the  images,  a 
qualitative  comparison  <»)' the  linages  is  still  vain!  fhc  relauve 
form  ol  1  he  radial  proliles  is  ,n .eti'sed  in  3  A 

The  full)  phased  six-mmot  MM  1  has  the  ellective  aperture 
of  a  6X6  m  telescope  masked  bv  a  hexagonal  aperture  plate 
(Hege  ct  ill  I9s5i  \t  the  Hv  wave  band,  this  corresponds  to  a 
diffraction  limit  of  -  2n  mas  I  hus  y  ( )ri  is  quite  easily  resolved 
bv  the  MM  I  AMieteas  lefeienee  specklegranis  obtained  in  the 
continuum  with  the  MM  I  are  now  resolved  and  cannot  be 
used  to  deconvolve  the  corresponding  line  specklegranis  so  as 
to  produce  an  actual  image,  performing  such  a  deconvolution 
still  enables  information  relating  lo  the  physical  dilleienees  at 
the  different  wavelengths  to  be  derived 

[lie  data  (eduction  procedure  implemented  lor  the  |9S3 
Decern  ho  i  MM  1  obseivatioiis  consisted  of  performing  tr.mie- 
b) -frame  complex  Jecoiiv  olutions  of  the  H  i  spec  k  legi unis  by 
their  simultaneously  acquued  . .  .untei pat  is  In  a  similar 
manner  to  that  described  \\  s  \  in  5  III.  each  complex  quo¬ 
tient  is  weighted  by  the  iclerctkc  powei  spectrum  and  summed 
over  a  huge  number  of  bullies  Since  the  result  obtained  is 
dependent  on  the  appearance  ol  the  obicet  at  both  bandpasses 
1 1 1  y  and  c  o  il  muumi,  it  is  k  m  mi.h.i  ,1  ulei  cnti.il  image 

I  igure  ”  il’iale  M  shows  a  ,  i  1 1 1 ,  ■  r  <e  n ; :  .i  1  image  ol  the  point 
source  ,  ()n  About  ItMi  liame-  ot  da;.,  wete  used  I  he  result 
is  esse  il  Hall  v  equr.  a  ieii!  i,  ■  l  lie  l  in  v  ei  sc;  i  ■  m:  i.  ,  i  -lor  in  of  a 
cyliudiic.il  Hop  hat:  ;  m  lion  with  r.wiiu-  -  q  .a  H>  the  He 
queue  v  ci.io;:  ,.|  the  leie-.  opc  1 1>  o  consistent  with  the 
assumption  mat  (  )ii  i-  uuiesoived  at  *'  -th  waveband-  I  lie 

dilleiciilial  image  I-.  '.iielefoie  a  laiicH.  n  ol  the  1  a  a  I  ■  i  * 

who  .c  hall  p-  wo  width  -xpcctcd  ■  i  c  a!'.'..  Ht'i  /» 
laHiaiis.  oi  -  12  in. i-  la  i  he  n  M.  n  .qxiliiie  ol  the  MM  I  at 
the  1 1  /  w.o e  n.ii.il  I  h,  miagi  >.  .He  m  I  icm  e  '  i  -  e.j  i:  a  I  H  -  ' 

ilia,  pixel  and  Ik  u.  e  the  h.c!  powei  width  i  -  ’  pixels'  actees 

weil  with  n  .epeciot  ie--.,.'  I  lie  i  alii..  •  ii  nui.it,  i  m  might 
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ne'ss  of  I  he  first  secondary  maxima  suggest  -  ih.it  there  was 
probablx  less  than  perfect  ■  »pt it.il  coherence  between  the  m\ 
constituent  Illinois  of  the  MM  I  incidentally,  a  U  SA  image 
produced  from  the  same  data  set  ifhristou  c  .1/  |9S6,/|  shows 
this  same  nonumformitx  A  region  of  a  seeond  ring  is  also 
apparent 

figure  X  (Plate  9)  shows  a  dtllerential  image  of  1  Ori 
obtained  from  an  identical  number  of  frames  I  he  overall  S  \ 
Inoks  poorer,  even  though  the  supergiant  is  brighter  in  the 
bandpass  used,  because  the  object  is  resolved  (more  photons 
per  speckle  but  considerable  larger  speckles)  I  urther  dtlVeren- 
tial  images  of  lOri  were  generated  using  -  'O(H)  frames  of  data 
for  each  skv  position  angle  Though  radial  average  measure¬ 
ments  confirmed  the  existence  of  structure  over  a  diameter  of 
at  least  I  so  mas.  very  little  evidence  ot  the  expected  HO  image 
rotation  was  observed,  due  to  the  relatively  poor  S  N  A 
detailed  analysis  of  the  reduction  technique  icvealed  that  the 
weighted  deconvolution  quotient  contains  a  lorm  ot  inherent 
Uiencr-tvpe  tiltei  which  suppiesse'  the  signal  at  high  spatial 
frequencies  (see  llehden.  liege,  aiu!  Beckers  I'/Sh)  fins  inher¬ 
ent  tillering  effect  is  avoided  bv  removing  a  noise  bias  term 
Irom  the  co-added  power  spectra  which  weight  the  deconvolu¬ 
tion  quotient  However,  the  power  spectrum  plus  noise  term  is 
alieadv  multiplied  bv  the  f  ourier  translorm  modulus  ol  the 
detectoi  photon  I’Si  Bv  assuming  this  response  to  be  (t.uiss- 
i  in.  as  experiments  described  bv  Hege  o  ,1/  il'bO  have  indi- 
sated  removal  ot  the  noise  Das  was  achieved  (n  subtraction  ol 
a  (  iaussi.ni  mode!  which  was  titled  to  the  data  at  spatial  fie 
queticie'  dealer  than  the  telescope  ..utoll 

I  1  guies  9u  and  0(1  show  the  clitlerenli.il  1  maces  ol  y  <  )i  1  at  the 
t  wo  skv  position  mglc's  alter  removal  ot  the  noise  bias  terms 
\hout  ~'KM|  tianie-  veere  used  for  each  imaee  \t  large  ladu 
‘here  still  appear  -  (o  be  no  ev  idence  ol  asv  u  ■  met  rival  struct  lire 
w 'iieli  r-  not  still  noise-dominated  I  here  .11  several  possible 
r .  a  soils  'or  this  I  rrst,  the  MM  I  skv  rotator  was  not  employed 
■  due  to  iechnic.il  difficulties!  and  consequently  the  it  i.iec  was 
permute../  to  rotate  bv  ')  during  integration  lo;  each  ot  the 
two  obs -r various  blurring  the  image  at  large  i.uln  Seeond 
riiipcrtec!  coherence  between  the  six  mirrors  mux  he 
ic  .poiis|is|e  (or  rti.  system  itie  fringes  apparent  rn  the  images 


I  anally,  ill.  absence  ot  any  gloss  1101 1  Ir.ve't -southeast  elon¬ 
gation  evident  111  the  conventional  SI  results  max  imply  that 
the  struct  rue  is  v  isrble  tit  the  nearby  continuum  0  well  as  in  the 
Hr  wave  band  However,  at  small  I  •  hi  niasi.  high  S  N.  i.uln 
there'  is  considerable  evidence  that  an  elongated  asymmetric 
feature  111  the  image  having  .1  position  angle  ol  -  Tit  is 
observed  to  rotate  exactly  as  predicted  figure  9.  shows  the 
differential  image  ol  On  lor  comparison  flic  elongation  in 
this  image,  which  is  also  app.nent  in  I  igure  is  probably  due 
to  the  imperfect  coherence  ot  the  MM  I  in  this  initial  attempt, 
as  mentioned  earliet 

v  him  1  sstos 

1  he  verv  Inst  image  reconstruction  ol  r  Ori  bv  l.WH 
exhibited  only  marginal  evidence  of  surface  structure  detected 
above  the  noise  level  further  data  reduction  rising  the  l.WH 
technique  and  image  enhancement  1  Worden,  l.vnds.  and 
Harvey  I9'f>.  Wilkerson  and  Worden  I9?".  Welle;  and 
Worden  |9mii  consistently  demon'll  .tied  asvmmetrv  in  the 
image  of  v  On  at  a  variety  ol  wavebands,  though  no  quantitat¬ 
ive  measurements  were  pi  od  treed.  Digital  restoration  tech¬ 
niques  applied  to  I  WH  /  M )•  H 1  data  bv  McDonnell  and  Bates 
(I9’ft|  also  continued  ,t  de|'artu;e  horn  circular  symmetry  in 
the  disk  leatures  ol  7  ( >ri 

Observations  o!  the  super  giant  were  made  bv  Koddter  and 
Koddic  1  t  l‘is  !|  111  Iff.MI  November  I  he  ir  siudv  , >1  lr  mge  i  isibil- 
nv  at  /''4c  90  A  suggested  an  elongation  at  imode  1st)  iat 
large  spaii.il  ftequencies  ismall  rad  til  and  a  northwest- 
southeast  c  .'ligation  11  small  spatial  It  cquetic  ics  (large  ravin  I 
Subsequent  tecoiisti  action  ■!  an  ullage  ol  the  Mai  iRoddicr 
and  Hoddiet  19s>i  U.mii  then  map  ol  Iringe  v I'-ff'ihties  suggests 
the  presence  ol  a  partial  shell  struetute  around  the  st.11  at  a 
distance  "I  stellar  radii  ffrclmmiaiv  le'sults  ohlained 

Irom  SI  i'h.,1  vain  10  bv  ( Iddherg  .  1  1 1 '-'S.''  1  also  indicate  the 

picsciKe  .a  elongated  structure  in  the  northwest -southeast 
direction  Measurements  obtained  in  die  Hr  wave  band  sug¬ 
gested  a  position  .ingle  ol  -  mioM  ISO  1  Im  I'tSONovcm- 

bei  and  1  ”f<  miod  !  mi  i  Ioi  I'/si  iebtuarv  Similar 
obsei  v  alioiis  were  made  in  I  <H  I  lebrn.iiv  bv  liege  era/  (|9)Ol 
in  the  red  ontmiinm  \i  \  significant  elongation 
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I  ii.  ^  Differential  image  of  7  On  recorded  al  two  sk>  position  angles  after  removal  of  the  inherent  littering  effects  The  differential  image  of  ;•  On  tl*SI  1  1 
shown  tor  comparison  (contours  are  at  12  intervalsi 


was  noted  at  a  position  angle  of  28  (mod  180  )  The  same 
asymmetry  was  observed  when  these  observations  were  used  to 
reconstruct  an  image  using  the  Fienup  (1978)  phase  retrieval 
method. 

Table  1  summarizes  the  recent  measurements  of  asym¬ 
metrical  features  in  the  image  of  i  Ori.  There  is  overwhelming 
evidence  for  the  existence  of  an  elongated  “cloud  "  of  H*  emis¬ 
sion  around  7  Ori.  up  to  3  times  the  estimated  continuum 
diameter  in  length,  in  a  northwest-southeast  direction.  Our 
resuhs  would  suggest  a  position  angle  of  118+5  with  no 
apparent  rotation  of  the  feature  relative  to  the  sky  over  the  3  yr 
period  However,  we  tentatively  suggest  that  the  extension  may 
have  increased  in  the  northwest  direction  while  being  reduced 
m  the  southeast  direction.  It  is  feasible,  at  least,  that  such 
variability  would  be  produced  by  a  cloud  (possibly  annular) 
rotating  perpendicularly  to  the  line  of  sight  in  a  northwest- 
southeast  oriented  plane  The  fact  that  there  is  generally  less 
evidence  of  asymmetry  in  the  continuum  wouid  suggest  that 


the  cloud  was  predominantly  gaseous  rather  than  dust  One 
also  might  expect  a  dominant  and  temporally  invariant  (on  the 
time  scale  of  months  at  least)  polarization  angle  if  such  a 
nearby,  optically  thin,  asymmetric  dust  cloud  were  present 

Jones  (1928)  derived  a  period  of  5.781  yr  for  the  mean  radial 
velocity  variation  of  the  photosphere  of  a  Ori  Comparatively 
recent  observations  by  Goldberg  (1979)  confirm  this  result  to 
within  0.5%.  This  periodicity  might  be  associated  w  ith  a  stellar 
rotation  period  of  that  duration,  which  corresponds  to  a 
surface  (tangential)  velocity  of  -  20  km  s  ‘.or  of  the  rotation 
period  of  an  object  orbiting  (he  star.  The  possible  rotation  of 
extended  features  that  we  might  have  detected  would  imply  a 
period  of  the  order  of  the  6  yr  variability. 

The  radially  averaged  profiles  of  the  DSI  images  shown  in 
Figure  5  show  that  the  stellar  envelope  appears  significantly 
broader  at  the  center  than  in  the  wings  of  the  H7  line 
However,  the  envelope  is  both  larger  and  better  visible  in 
the  blue  wing  than  in  the  red  wing.  This  is  probably  due  to 


TABLE  I 

Rkim  Miasi  ku>  Asymmi  tries  in  the  Imaoi  or  Aiph*  Orionis 


Epoch 

Wavelength 

(At 

Position  Angle 
(mod  180  1 

Approximate 

Scale 

tmasl 

Reference 

19M>  Nov  24 

6563  \ 

157 

.  too 

Cioldhcrp  ei  a(  m? 

19X0  Nov  25  M\ 

M4X  90 

22 

<50 

Roddier  and  Roddicr  19X3 

mi  1  eh  2  * 

ftSM  * 

176 

-  too 

Cioldhcrp  c/  ill  m2 

19X1  1  eh  2  * 

656*  * 

117 

-80 

This  work 

I9H  |  eh  2  3 

656*  1 

160 

f  80 

This  work 

mi  1  eh  2  3 

6500  20 

28 

-  1(81 

Hepe  <•/  .#/  m: 

19X2  Mar  <  ~ 

656  *  45 

118 

<  4(8) 

This  work 

19X2  Nov  S  <1 

6563  * 

120 

-  too 

This  work 

m2  Nov  5  6 

6563  3 

169 

-  100 

This  work 

m?  Dec  ( 6  r 

6563  1  2 

20 
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the  expansion  ol  .in  opucallv  thick  envelope  with  .1  ui.vm 
ell  l he  order  ol  2u  km  s  which  obscures  the  'tcllnt  tl  1  sk  onlv 
m  the  blue  wine  In  the  red  wine  the  nuieh  smaller  stellar  disk 
speckles  dominate  t  he  spec k  legi  am  data 

Ihree  of  the  four  observations  reported  here  produced 
image's  nhkli  exhibited  evidence  loi  an  additional  awm- 
nietrical  position  angle  at  radii  compatible  with  the  estimated 
continuum  disk  si/e  1 42  niasi  where  the  S  \  is  highest  I  he 
measured  position  angles  ate  MU  imod  ISO  lost  febtuarxl. 
t rsSi  1  mod  Iso  ,  Ids 2  November!,  and  20  (Ids?  December!  it 
is  not  vet  evident  that  these  lesiilts  could  be  consistent  with 
rotation  period  of  t  v  t  Perhaps  more  likelv  is  that  each  feature 
represents  small-scale  st  met  in  e  on  the  suil.ice  ot  the  'tai  that 
exists  onlv  on  the  time  scale  ot  months  (ioldbetg  1 1  .if  ilds2t 
attribmed  the  presence  ot  asnmnelrv  in  Idso  Novembet  and 
I  as  |  f  ebra.it  >  to  the  existence  ot  a  "hot  spot  on  the  surface 
ot  the  st.it  I  his  same  te.itme  would  not  be  in.  oiisistent  with 
oat  !vsi  lehra.uv  \\  S  A  result  described  in  2  III 

Haves  il'tsiii  has  suggested  that  the  observed  changes  in 
polari/ation  ate  consistent  with  the  growth  ot  .1  suitace  feature 
followed  bv  changes  m  its  oiientation  (ioidberg  cf  i|ds2t 
mid  that  then  obset  v  at  1011s  lend  genet  a  I  'lippoi  •  to  tins  siiggC' 
lion  I  n  a  comprehensive  rev  tew  of  linear  pol.u  i.mIioii  v  .11  i.ition 
ot  1  <)n  between  Id'd  and  Ids?.  Haves  ifdsdi  conclude'  that 
l.ttgc-scalc  convective  cells  Inllil  the  necessaiv  : ce|iiircmcnl  lor 
production  ot  the  obseived  incessant  polari/ation  .idivitv  He 
lurtlier  suggests  that  ordered  pol.u  i/ation  changes,  a  in. mites 
tation  ot  the  waxing  and  waning  ol  the  cells  implies  that  onlv  a 
tew  cells  would  be  present  at  anv  one  time  Sudi  a  model  has 
also  been  hvpothesi/ed  bv  Schwar/schild  1  Id''!  I ncicle  11  tali' 
it  is  vetv  improbable  that  the  polari/ation  variation  ocelli' 
through  scattering  of  light  from  matter  around  die  >tai  'iiuc 
the  observed  short-term  variation  111  polar  i/ation  angle 
recfuires  rotation  01  radial  velocities  inconsistent  with  cuneiit 
estimates  I  nfoit  unatelv .  there  appears  to  be  little  cotrelalioii 
between  oui  obseived  asxminetiv  position  angles  and  the 
p.  >i  ar 1/.1 1  ion  angles  .0  measured  bv  I  laves  1  I  '<.'4 1  Si  mil. 11  Iv .  the 
.  hunges  in  the  in  ten  si  tv  ot  polar  i/ed  light  upper  s  unassoc  luted 
with  the  occurt.'iicc  or  otherwise  ol  central  asvminetiic.il  tea- 
t  .res 

f  1 1 1 . 1 ! I \  it  has  recentlv  been  suggested  bv  kwtovskw  <1  <ii 
1  !  dsr- 1  dial  i  (  hi  mav  indeed  have  distuic  l  optic  at  c  om  pan  ions 
I  loin  high- resolution  optical  inlet  ter  ornctin  .  >bse".  itions 
made  in  Ids.'  lebmaiv  and  Ids?  Novembet  thev  suggested 
die  presence  ol  two  source'  I  lieu  sep.uation-  an. I  position 
angles  were  i4U  mas  ?2'  1  ami  1  't  m  in.  is.  x;  1  m  ldS2  lebmaiv 
,ind  d'ii  mas  2  ~  ?  1  and  Pin  mas.  2's  1  in  I  ds  ?  \,  .v  emlvt  I  lie 
inagmt ude  differences  with  respect  to  the  pinna;  .  mcusiiped  at 
issp?  \  iH/i  and  tons  \  ued  continunmi  a -me  on-  mic  1 
fabrv-l’ei  >t  lilter,  were  derived  as  be  in  it  ?(•  and  ?4  tm  the 
c  ose  a  ml  4  ?  and  4  (>  lor  the  distant  so  me  M.iriv  or  lie;  .pel 
giants  are  know  n  I. '  be  bin. irv  and  I’ai  soils  .  |d>  ■  .  .-  g...  -  if-, at 


theic  exists  1  high  ptohabilif.  a  ei.uit  u  ■ 
companion  In  addition  u  h..--  been  pi-  p-  • 
obseived  pol.u  i/.ilioii  v  ar  nui.  m  is  prod  1.  I--, 

an  extended  slti'i  shell  Irom  the  companion  which 
It  It  is  tinhkelv  w.  w  - aid  have  been  able  to  de' 
distant  companion  since  it  would  h.:u  N-  -r-  h.iv 
hold  ol  view  So  f.n  we  have  been  una'ae  1  >  p:  0 
n He  ev  ideike  w  hie  h  1  eepmes  the  existence  of  tb.  1 
ion.  and  there  is  app.i.eml  .  m-  -.■■■  de  - 
repotted  position  angle  ot  cidm'  .  ■  ■ : ■  r '  ■  ■ . ■ . o : 
onset  v  ed  as  v  nutlet  t  tc  a:  sir  is  1  at  e  atom  '  1 ..  s'  a 1 
dilletenli.r  images  would  not  reveal  an.  -oi'-p 
that  stat  exhibited  sigmltean-  .peed  d  ..In'  am. 
the  emission  hue 


I  1  1  .  a  1  :  I '  a.  s 

I  he  us. ill .  oi  mis  s ;  id  v  m  1 .  ’v  .mm  cm,  ■ 
presence  ol  1  large -sc.de  I'.mmetriv  .ftxt.cm 
envelope  ha-  been  vettlied  "v  the  u-s  m-  .  a  -m 
implemented  si  tcchmcuics  ft  extends  .-v .  t  .«•  '.-.  • 
tadii  and  c on espomfs  to  .1  p.  si' 1. m  an.  1  -g  1  • 

I  his  position  ingle  appeal-  c'lcclivc!'-  on  mm 
period  of  observation  £h.  ul'I;  c  >  tcn-i.'ii  111  !  h  .  n 
lion  mav  have  increased  at  it',  ■xpen-;  m  e  .-  o. 
sion  Sin  a  t  lc"  scale  .uv  mil  let  ties  hr. 
within  the  iliametei  o'  'he  't-d'ui  .list.  I  ...  :  1 

lutes  a p peals  to  be  c.'li'i'tcnt  -  a  .  .  vvi'h  •  mb 
suit. we  sit  ticbite  on  i'i.  tint  ,  ne  n  out1,.  N 
has  been  cut  ihii-hed  Ivelwcc  11  hen  ben.  i.a  r. 
then  polati/aiion  v.r  i.i'ions  th.  -.a  "  .  ;  . 

Nil  accttf  it;  cletct mmati. ■'  II 

p. •  t  .1 1  v  11  ia! .-  ui  111  :  lm  '  adi.n  . .  a .  , 

ation  ot  .  <  )• ;  and  .  >p!tc ai  tea! ; n  e  -  n  a.  -m 
extended  enxe.opc  ol  the  -tar  w  a,  r...  an  let 
st  udv  ism.,-  tin.  -c  tael  .sodden  opt  1.  1  m>  .-.a; 

I  It  III  rilc'l  V  s  oh  stn.'v  I  '1  <  (tit  an. I  tarn  t  a  [ 
obic'ct-  will  enable  -t.-n.ii  -Imi.-ii  ‘v  belle 
1  si iice  giant  stats  w  LJi  -bed  -...'he tent  aia-.-  will 
then  existence  in  tlk  Imm  ol  sii pet  a. >v  1.0  ai-.i 
valuable  inf. a  matt. m  on  the  imp.al.in'  ..;  1..  sti.a 
mas-,  ni  1 1;.  , a  1 ,  .a  sc  si  I-  now  pio.l.u  me  ,1  -. 

iimu.i.  -  and  we  al  .oundet.'  d,  r  a  ".ide  v.nic 
imaging  tint  1.  ..Is  vs  1  i '  .  01  ii  in  ....  n  -  p: ,  v  id  .  .  n  ..1 : 
e.ll  data  W  I'dt  -tc.nl-  .  a,.  H  a-ine  e,n  ill!  , 
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IHI  M  ,  (  HROMOSPHl  Rl  Ol  \i  I'll  \  I  'Kit  i\ls 

!l  Kt  Ml  (  H  I  Ml  >1  V  \  M  1KI  \y  I  (  K  \K  I  X  SI  >  !  K  I  I  I  ii  I  li  I  ,1 

Vi-w  - ■  r . *  <  v .i 1 1 »r v  1  mu’ivii  V 

f\ t  i  ■  ,  ,1  M.r.  '  a. ,  t  pit \i  ' 

ABSTRACT 

Images  haw  been  obtained  o!  the  H  r  chromospheric  cinci.''u  of  >  (  >:i  ,r.  the  ditli.iction  i ir"i ■  •  ■  t 
ol  'he  coph  .1  '■Cvi  \i  uiuple  Mirrm  telescope  A  ph.tseless  image  rcconsiruetion  was  applied  to  spco  !.  int.ffcio 
metric  data  obtained  .it  continuum  wavelengths.  and  the  result  was  to  produce  images  ol  the  lughis 

extended  Hi  teeion  :rom  result'  achieved  using  the  differential  imaging  les.iiuu.jue  I  tin  such  images  are  pic- 
sented  xv hu h  were  obtained  Mom  onset \ alums  made  almost  2  \r  apart  Significant.  and  high!)  I'Ottopu  emis- 
sir'll  out  t  '  several  stellar  radii  is  exhibited  A  verv  large  optical  depth  in  Hi  is  indicate.!  A  simple 
mathematical  expression  tor  the  radtali)  averaged  profile  of  the  images  is  derived  empirical!' 

.VV  r ii,  '  mtcMerometr  v  stj-s  chromospheres  stars  individual 


I  IXI  KnlH  t  III  >s. 

Ihe  M  supergMtits  are  xerx  lumm>’Us  and  are  among  the 
atgest  'tars  bx  volume  Their  low  surface  grawn  causes  them 
to  have  highlv  extended  atmospheres,  and  the)  are  known  to 
posse"  expanding  envelopes  ot  gas  and  dust  which  extend  to 
distances  of  man)  steliar  radii  The  most  intensixelv  studied  iff 
all  such  stars  has  been  i  Ononis,  an  \12  lab  late-txpe  super- 
giant  In  addition  is'  a  wide  variet)  of  obserx.unxns.  several 
recent  attempts  have  been  made  to  model  Us  extended  atmo- 
sphere  A  verv  common  conclusion  resulting  from  comparison 
with  such  nis'dels  is  that  the  actual  nature  of  the  star's  atmo¬ 
sphere  is  a  great  deal  more  complicated  than  exemplified  bx 
the  models  The  theoretical  stud)  of  i  On  has  been  further 
xompbeuted  hv  the  recent  discover)  of  two  faint  companion 
'tars  ikarovska.  Nisenson.  and  Noxes  19X6).  one  of  which  is 
bc.ieved  is'  orbit  within  a  few  stellar  radii  However,  a  much 
c. carer  understanding  of  the  observed  anomalous  behavisir  of 
the  supergunt  should  result  as  j  consequence  of  this  discover) 

( >ne  niaior  obstacle  to  a  better  understanding  of  supergiant 
i"n> 'spheres  is  that  the  heights  jnd  thicknesses  of  their 
. nromospheres  close  to  the  star,  tn  the  region  where  the 
•••.••ward  (low  of  matter  is  accelerated,  has  been  relatixel) 

•  '.►.noun  f  here  exist  both  theoretical  (Hartmann  and  Avretl 
1'sji  and  observational  Kioldberg  ft  itl.  19X2  Hebdcn  ft  al 
‘sui  reasons  for  supposing  that  supergiant  chromospheres 
max  extend  to  several  stellar  radii  above  the  photospheres. 
) "s.'-ptii ,n  lines  such  as  Hi  and  (  a  n  /X542  provide  a  valu¬ 
able  diagnostic.  since  the)  are  expected  to  be  formed  in  such 
tegH’ns  Part  of  the  i  Ori  visible  spectrum  containing  the  Hit 
line  was  kind))  provided  for  us  b)  Dr  T  C  haffee  and  his  staff 
.c  the  Multiple  Mirror  Telescope  'MMTi  The  spectrum, 
shown  m  figure  I.  was  obtained  using  the  MM  I  echelle  spec- 
tr, 'graph  on  I9XX  .lanuarv  15  Ihe  wavelength  axis  has  been 
adui'ted  to  accomodate  the  radial  xelocitv  of  the  siar  The  verv 
sf:.-ng  II  j  line  tthe  observed  equivalent  width  is  'I  I  -  d  1  Ai 
i-  .c'lccai  'ii  bxb’4  \  Stidi  strong  ahsurption  suggests  the 
V’.. fence  i  chrom  ••  phcrc  with  significant  optical  depth  in 

me  <  -.tm  and,  Mullan  1 19s>i  suggest  that  an  Hi  absorp¬ 
tion  line  will  be  formed  whenever  the  optical  thickness  m  Hi  ts 

1  •-  r  •  r  r  -  '  CP' ,r  v  :  '  Af  ;'  •  icii  .j*  Mult. pie  Mir  "  leie- 

:  <i’'s,T.  ■  .  .•  *  '  t  _  -  ■  •  *  v  ‘Sc  Snvif.s  ..tn  I '  - '  *  t'.  tvo  ‘he 


sufficient!)  large  t:  •  2>b.  regardless  of  the  spocila  distribution 
of  electron  densitv  and  tempei ature  in  the  ..hivniospliere  .  T 
cool  stars 

High  spatial  resolution  measurements  of  i  Ori  have  been 
made  frequentl)  ever  since  interleri'metric  and  speckle  imaging 
techniques  were  first  emplovcd  The  first  actual  two- 
dimensional  image  ot  the  stat  was  published  In  l.xr.d'. 
Worden.  and  Harxex  t !  v  7  6 1.  further  data  reduction  using 
their  imaging  techmq  .e  t Worden.  I.ynds.  and  Halve)  |c“o. 
Wilkerson  and  Wo; don  19".  Weller  and  AC  order,  Oxti. 
McDonnell  and  Bates  N~f>i  consistent!)  demonstrated  ,iam- 
metrx  in  the  image  of  i  On  at  a  number  of  wavelengths 
Ruddier  and  Koddier  ( 1 9X5 1  obtained  an  image  winch 
exhibited  a  partial  shell-ltke  structure,  suggesting  the  evistance 
of  dust  condensation  close  to  the  stellar  disk  Recent  images  of 
i  Ori  obtained  at  Steward  Observatory  have  been  described  bx 
Hebden  <t  al  i  |9shi.  An  elongated  region  of  Hi  emission  was 
observed,  which  exhibited  no  apparent  rotation  relative  to  the 
sky  over  a  ?  xr  period  I'nul  these  most  recent  results,  most 
speckle  interferometric  image  reconstructions  have  been 
restricted  to  wide-hand  observations  (20  A  or  iargeri.  This  is 
due  to  the  muei taint)  of  the  previous  imaging  techniques  at 
low  photon  lUixes  in  combination  with  the  unavailability  of 
appropriate  narrow-band  filters 

A  one-dimensional  anal) so  of  speckle  interferometric  data 
obtained  at  several  wavelengths  bx  Cheng  ft  til  tl9.xoi  produc¬ 
ed  an  angulat  diameter  ot  i  Ort  of  42.1  1.1  mas.  with,  a 

lunb-darkening  parameter  highlv  dependent  on  observing 
bandpass  Iho  value  o  consistent  with  many  other  estimates  of 
the  photospheric  diameter  of  the  supergiant  tas  summarized  bv 
W  hite  1 9xt ii  l  iic  diffraction  limited  angular  icsolution  of  2  3 
m  anvi  4  ni  class  telescopes  at.  sav.  ('5(H)  A  is  58  mas  and  54  mas 
respect!' eh  I  Iho  the  phv'tv'spheric  disk  o!  i  Ori  is  barelv 
resolvable  a;  best  However,  the  corresponding  rcsoh/dofl  of 
ihe  luilv  phased  MM  1  is  onlv  20  mas.  less  than  half  the  esti¬ 
mated  disk  diameter  In  this  paper  we  present  im.o.  e-  of  the  Hi 
chromospheiK  envelope  ol  i  <  >n  ''Tt.uned  .r  tin--  tvs  uution 
the  highest  » urrertllv  a v.i ilabic  l<>r  imaging  at  optica:  wave- 
lengths 

!!  (  iM'l  M  \  X  1  ji  i\s 

Differentia,  spec  Hie  interlcrometrv  il)SI .  H.-cket  ■  J)9X2.' 
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Wavelength  (A) 

Fki  I  Region  of  spectrum  of  2  On  containing  Ha  absorption  line.  Positions  of  our  iwo  fillers!  I  2  A  bandwidth),  in  and  out  of  the  line,  indicaied  Loner  mnv 
estimated  I  r.  noise  contained  in  the  spectrum 


on  1983  December  16  17,  and  again  on  1985  November  2/4. 
Cophasing  of  the  telescope,  which  is  now'  a  routine  and  rela¬ 
tively  simple  operation,  is  described  by  Hege  ei  al.  (1985)  and 
Hebden.  Hege,  and  Beckers  11986a).  The  DSl  technique  utilizes 
the  differential  speckle  camera  (Beckers,  Hege.  and  Murphy 
1983).  which  enabled  the  supergiant  to  be  observed  in  the  Ha 
line  (6563  A.  1.2  A  effective  bandwidth)  and  simultaneously  in 
the  nearby  "continuum"  (6569  A.  also  1.2  A  effective 
bandwidth!.  This  is  achieved  by  passing  the  light  from  the  star 
through  a  solid  Eabry-Perot  etalon2,  which  has  a  different 
narrow  passband  at  two  orthogonal  polatizations.  and  then 
shifting  one  polarized  image  with  respect  to  the  other  with  a 
Vkollaston  prism  The  polarization  dependence  was  elimi¬ 
nated  by  the  inclusion  of  a  rotating  quarter-wave  plate  which 
alternated  the  polarization  state  of  the  two  images.  In  this  way 
both  images  were  observed  in  both  polarization  states  equally. 
The  temperature-controlled  mica  etalon  was  adjusted  to 
accommodate  the  radial  velocity  of  the  star.  Thus  two  speckle 
images  (specklegrams)  are  produced  which  are  recorded  on 
udeo  tape  The  specklegram  pairs  (a  few  tens  of  thousands 
altogether!  are  later  digitized  eight  bits  deep  into  two 
128  x  128  pixel  arrays.  A  more  detailed  description  of  the 
observing  procedure  is  given  by  Hebden  et  al.  (1986). 

Both  the  observing  wavelengths  are  indicated  on  the  spec¬ 
trum  shown  in  Figure  1.  For  convenience,  hereafter  the  6569  A 
bandpass  is  referred  to  as  the  “continuum"  bandpass, 
although  this  is  obviously  not  strictly  true. 

For  calibration  and  technique  verification  purposes,  several 
observations  were  made  of  the  unresolved  sources  y  and  t  Ori. 
Incidentally,  the  recently  discovered  secondary  component  of  y 
On  i  Papaliolis.  Nisenson.  and  Ebstein  1985)  is  outside  our  field 
of  \iew  Some  of  these  point-source  observations  were  also 
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made  using  a  single  wide  (100  A)  bandpass  filter  for  both  the 
DSl  observing  channels.  We  recently  reported  (Hebden,  Hege. 
and  Beckers  1986ui  that  the  MMT  cophased  configuration  is 
currently  stable  over  a  period  of  at  least  10  minutes  with  a 
standard  error  in  optical  path  length  of  better  than  12  )im.  This 
is  insignificant  compared  to  the  3.5  mm  coherence  length  of 
our  6563  A  1.2  A  filter,  and  still  quite  smaller  than  the  30  /im 
coherence  length  of  a  5500  A  100  A  filter.  Thus  such  wide- 
bandwidth  observations  were  feasible. 

Shortly  before  the  1985  November  observing  run,  one  of  the 
six  constituent  mirrors  of  the  MMT  was  replaced  with  a  spare 
while  the  original  was  realuminized.  Unfortunately,  the  focal 
length  of  the  short-term  replacement  had  not  been  specified 
sufficiently  accurately,  and  it  was  not  possible  to  cophase  it 
with  any  of  the  other  five  mirrors.  Hebden.  Hege.  and  Beckers 
(1986 a)  discuss  the  consequences  of  using  the  MMT  in  a  five- 
mirror  configuration  and  show  that  the  effect  on  the  overall 
resolution  is  small. 

III.  IMAGING  METHODS 

DSl  produces  diffraction-limited  images  which  contain 
information  about  the  object  at  two  distinct  but  nearby  wave¬ 
lengths.  The  theory  and  reduction  method  has  been  discussed 
in  much  detail  by  Hebden.  Hege.  and  Beckers  (19866)  The 
technique  involves  deconvolving  one  specklegram  (e  g.,  at  Ha) 
by  another  simultaneously  acquired  specklegram  (e.g..  in  the 
nearby  continuum)  The  result  is  called  a  differential  image. 
Differential  images  of  a  Ori  were  obtained  using  21.600  and 
15,400  specklegram  pairs  from  the  1983  and  1985  observing 
runs  respectively.  In  addition,  differential  images  were 
obtained  of  y  Ori.  from  Ha  continuum  data,  and  also  from 
data  recorded  using  a  single  5500  A/100  A  filter  for  both  chan¬ 
nels. 

In  order  to  obtain  conventional  images,  i.e..  images  at  the 


228 


69: 


HEBDEN,  EC'KART,  AND  HI  (it 


\..|  H4 


0/^0 


20mas 


Mi.  J  Image  ol  the  point  M'jrce  ;  On  obtained  at  55iX)  A  l(K)  A  using 
ine  \1\17 


Hi  bandpass  alone,  it  is  necessary  to  convolve  the  differential 
images  with  an  image  of  the  star  in  the  continuum.  Initially  it 
was  considered  that  perhaps  an  estimate  of  the  continuum 
(6569  A  1.2  Al  distribution  of  the  supergiant  could  be  obtained 
from  a  suitable  wide-band  observation  (e  g..  6500  A  100  A) 
using  a  variation  of  the  shift-and-add  technique  (Christou  el  al. 
I986i  which  is  particularly  applicable  to  bright,  wide-band 
observations.  However  both  one-dimensional  (Cheng  et  al. 
19861  and  two-dimensional  (Christou  1985)  analyses  of  a  Ori 
have  shown  that  it  is  unrealistic  to  consider  the  star  as  having  a 
typical  continuum  distribution.  Due  to  blanketing  of  the  visible 
spectrum  by  chromospheric  lines,  such  as  those  of  TiO  (as 
evident  in  the  spectrum  shown  in  Fig.  1),  the  appearance  of  the 
star  is  likely  to  be  bandwidth-dependent.  Therefore,  the  dis¬ 
tribution  at  6569  A  should  be  obtained  directly  from  the  DS1 
data  set  itself 

The  Fienup  (1978)  phaseless  reconstruction  method  was 
used  to  produce  images  of  i  Ori  at  6569  A  The  seeing  effects 
were  removed  from  the  average  debiased  power  spectrum  of  x 
Ori  (6569  A I  by  dividing  it  by  a  corresponding  average 
debiased  power  spectrum  of  the  unresolved  source  y  Ori.  This 
invoked  the  reasonable  assumption  that  the  average  seeing 
conditions  throughout  both  observations  were  identical.  An 
image  is  then  obtained  iteratively  from  the  corrected  at  Ori 
amplitudes  by  assuming  that  there  is  a  unique  set  of  phases 
(except  for  a  180  rotational  ambiguity)  corresponding  to  the 
Fourier  modulus  of  a  real  and  positive  image,  and  by  assuming 
that  the  technique  will  converge  to  that  set. 

IV.  TECHNIQUE  VERIFICATION 

We  check  ihe  validity  of  a  given  method  by  testing  whether 
it  yields  the  correct  result  for  a  point  source,  which  may  be 
obtained  analytically .  In  the  case  of  the  cophased  M  MT.  which 
has  a  splendidly  complex  point-spread  function  (PSF),  this 
exercise  is  particularly  interesting 

Figure  2  shows  an  image  of  y  Ori.  obtained  using  a  single 
5500  A  100  A  filter,  and  Figure  3  shows  the  computed  form  of 
the  PSh  of  the  MMT  in  its  six-mirror  configuration.  The 
agreement  is  excellent  An  equally  favorable  comparison  for 
the  five-mirror  configuration  is  given  by  Hebden.  Hege.  and 
Beckers  (1986a)  Figure  4  shows  another  image  of  y  Ori 
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obtained  using  data  recorded  in  the  Hj  and  nearby  continuum 
(both  bandpasses  in  which  y  Ori  is  equally  unresohable). 
Although  the  result  is  noisier  for  the  same  number  ilOOO)  of 
specklegram  pairs,  there  is  nevertheless  still  excellent  agree¬ 
ment  with  the  analytical  distribution  These  results  not  only 
confirm  the  reliability  of  the  imaging  technique  but  demon¬ 
strate  the  effectiveness  of  the  MMT  as  a  coherent  optica!  inter¬ 
ferometer 

V  THE  CONTINUUM  IMAGES  OF  T  ORIONIS 

As  mentioned  above,  images  of  t  Ori  at  6569  A  were 
obtained  for  both  of  our  observations  using  the  Fienup  recon¬ 
struction  method.  These  images  are  shown  in  Figures  5  and  6. 
The  algorithm  used  was  the  error-reduction  (Gerchberg- 
Saxton)  algorithm,  as  described  by  Fienup  (1982).  The  tech¬ 
nique  converged  to  these  solutions  within  200  iterations 
irrespective  of  our  initial  estimate  of  the  complex  phases.  A 
small,  broad  seeing  residual  was  apparent  in  the  1985  Novem¬ 
ber  image,  due  to  an  imperfect  seeing  calibration.  This  was 
removed  by  subtracting  a  Gaussian  fit  at  radii  at  which  the 
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1983  December  image  exhibits  insignificant  intensity  ( >  40 
mas).  The  image  contours  shown  in  Figures  5  and  6  are  plotted 
at  intervals  of  8V  The  asymmetrical  features  apparent  outside 
the  central  disk  of  the  star  are  most  likely  either  systematic 
artifacts,  due  to  the  complex  MMT  PSF.  or  produced  by 
second-order  seeing  calibration  errors.  Karovska,  Nisenson, 
and  Noyes  (1986)  suggest  that  the  nearby  companion  is  ~3.4 
mag  fainter  than  the  supergiant  at  this  wavelength.  This  corre¬ 
sponds  to  —  4.4"  „  of  the  peak  intensity  of  our  images  and  thus 
is  beneath  the  noise  of  the  images.  Incidentally,  we  hope  to 
increase  the  effecti  ve  signal-to-noise  ratio  of  our  continuum 
images  in  the  future  by  employing  matched-filter  shift-and-add 
imaging  techniques  (Ribak.  Hege,  and  Christou  1985),  which 
are  current!)  being  developed  for  this  purpose. 

Despite  the  existence  of  low-power  asymmetrical  features, 
the  radially  averaged  profiles  of  the  two  images  are  virtually 


identical.  Before  using  these  results  to  produce  images  of  the 
supergiant  in  the  Hi  line,  we  checked  whether  the  results  were 
indeed  sensible  by  comparing  the  radially  averaged  profiles 
with  various  models.  Each  model  consisted  of  the  MMT  PSF 
(i.e..  an  image  obtained  for  a  point  source)  convolved  with  a 
limb-darkened  disk  defined  by  the  expression 

HR)  =  (I  —  L)  *  L  cos  (rtR  2R,) ,  (I) 

where  R0  is  the  radius  of  the  disk  and  L  is  the  degree  of 
limb-darkening.  Figure  7  shows  one  such  comparison,  where 
the  disk  radius  is  20  mas.  It  is  evident  from  Figure  7  that,  for  a 
given  radius,  the  degree  of  limb-darkening  may  be  specified 
very  precisely.  A  best-fit  of  L  =  0.6  +  0.1  for  =  20  mas  is 
found.  However,  as  discussed  in  Cheng  et  al.  (1986).  it  is  not 
possible  to  uniquely  define  both  radius  and  limb-darkening 
simultaneously  from  a  single  measurement,  even  at  this 
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TABLE  1 

Parameters  Obtained  bv  Kittinl, 
Models  ro  Costim  l  m 
|65h9  Ai  Imal.es 
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resolution  Table  1  lists  the  equally  excellent  tits  that  were 
obtained  over  a  range  in  stellar  radius  of  R,  =  l7  mas  lE  =  0) 
to  Rt  =  23  mas  (L  =  1).  Cheng  et  al.  1 19X6)  have  attempted  to 
uniquely  specify  the  radius  of  the  photosphere  of  a  Ori  by 
assuming  that  it  is  wavelength-independent.  The  value  of  21 
mas  they  obtain  is  well  within  our  range  of  possible  radii  Tsuji 
I  I97g)  also  obtains  a  similar  radius  from  a  theoretical  analysis 
of  the  supergiant's  atmosphere.  We  have  adopted  a  radius  of  21 
mas  in  the  discussions  which  follow 

VI.  THE  Hi  IMAGES  OF  i  ORIOMS 

Images  of  a  Ori  in  the  Ha  line  were  obtained  by  convolving 
the  differential  image  for  each  observation  with  the  corre¬ 
sponding  Fienup  reconstruction  continuum  image  The  latter 
reconstruction  method  has  an  inherent  180  rotational  ambi¬ 
guity  Thus  convolutions  were  performed  for  each  rotation  of 
the  continuum  image.  The  final  Ha  images  selected,  shown  in 
Figures  8  and  9,  were  those  containing  the  lowest  amount  of 
residual  negativity.  The  contours  are  plotted  at  intervals  of 
-  5"n.  These  results  correspond  to  the  orientations  of  the  con¬ 
tinuum  images  as  shown  in  Figures  5  and  6  Because  of  the 
very  large  extent  of  the  differential  images  of  the  supergiant, 
the  images  obtained  in  the  Ha  line  alone  proved  to  be  highly 


insensitive  to  the  orientation  of.  or  even  the  presence  of,  the 
low-power  asymmetrical  features  in  the  continuum  images 
Such  insensitivity  is  desirable,  since  these  features  represent  the 
only  possibly  significant  source  of  phase  error  ambiguity  or 
error  due  to  poor  seeing  calibration  The  DSf  technique 
appears  to  be  completely  calibrated  tor  seeing,  as  demon¬ 
strated  by  the  results  for  point  sources  described  in  t;  IV  Since 
the  differential  images  contain  no  180  ambiguity  and  are 
insensitive  to  the  continuum  image  orientation,  the  Ha  images 
are  also  unambiguous. 

VII.  DISCISSION 

Several  striking  and  important  characteristics  are  imme¬ 
diately  apparent  from  the  Ha  images  of  a  Ori  shown  in  Figures 
8  and  9.  and  from  their  radially  averaged  profiles  shown  ip. 
Figure  10.  First,  the  envelope  of  emission  is  very  large.  Signifi¬ 
cant  intensity  igreater  than  1  of  peak  intensity  I  is  evident  out 
to  a  radius  of  '95  mas.  or  4.5  Rt.  The  estimated  signal-to- 
noise  ratio  in  this  region  is  '()  5  ...  Second,  there  is  no  appar¬ 
ent  deviation  from  radial  symmetry  for  either  image  out  to  a 
radius  of  '  50  mas.  At  larger  radii,  however,  they  both  exhibit 
a  small  degree  of  asymmetry,  corresponding  to  position  angles 
of  about  275  and  280  This  is  reasonably  consistent  with  the 
118  *  180  elongation  in  the  Ha  emission  previously  reported 
by  Hebden  ef  ul.  (1986).  Third,  in  neithe;  image  is  a  distinct 
photospheric  component  evident  Indeed,  this  was  also  appar¬ 
ent  from  the  differential  images  of  the  supergiant  before  con¬ 
volution  with  the  continuum  image,  since  there  could  exist  no 
possible  continuum  distribution  which  could  introduce  an 
anomalously  dominant  central  component 

Wevmann  1 1962)  and  Goldberg  1 1 979 »  note  that  radial  velo¬ 
cities  measured  in  the  cores  and  wings  of  the  Ha  line  show  no 
evidence  of  the  variation  observed  in  photospheric  lines  1  hus 
they  conclude  that  the  chromosphere  is  physically  detached 
from  the  photosphere  A  blue-shift  in  the  absorption  core  sup¬ 
ports  the  view  that  Ha  is  formed  in  an  expanding  wind  isee 
Fig.  I).  A  lunar  occupation  of  the  M2  lab  supergiant  1 19  Tau 


Kh,  x  Image  of  ihe  Hi  envelope  of  y( >ri  obtained  from  observations  made  in  December  <  ir,  /«•  20  mas  theoreiic.il  resolution  of  the  M  M  I  at  H  t 
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Fig  9  Image  of  the  Hi  envelope  of  j  Ori  obtained  from  observations  made  in  1985  November 


(White.  Kreidl.  and  Goldberg  1982)  showed  that  the  star's 
diameter  in  Ha  light  was  at  least  twice  that  observed  in  the 
continuum.  However,  the  radial  brightness  distribution 
showed  qualitative  agreement  with  a  model  for  an  optically 
thm  envelope  Such  a  model  predicts  an  abrupt  increase  in 
intensity  by  a  factor  of  2  at  the  stellar  limb.  Patently,  the 
radially  averaged  profiles  shown  in  Figure  10  do  not  exhibit 
this  characteristic. 

Strong  evidence  for  an  extended  chromosphere  around  a  Ori 
has  been  obtained  from  radio  observations.  AltenhoflT.  Oster. 
and  W  endker  1 1979)  suggest  that  radiation  at  less  than  20  GHz 
is  that  of  a  photosphere, chromosphere  transition  region 
estending  2  3  Rm.  Newell  and  Hjellming  (1982)  have  con¬ 


cluded  that  radio  emission  between  I  and  100  GHz  is  consis¬ 
tent  with  a  warm  chromosphere-like  region  extending  from  I 
to4R,.  Both  these  estimates  appear  to  conform  to  the  approx¬ 
imate  dimensions  of  the  H  a  emission  region  we  have  observed. 

In  order  to  explain  the  observed  behavior  of  cool  winds  of 
low-gravity  stars.  Hartmann  and  MacGregor  (1980)  investi¬ 
gated  the  possibility  of  such  winds  being  driven  by  Alfven 
waves.  This  was  developed  further  by  Hartmann  and  Avrett 
(1984)  into  preliminary  models  for  the  extended  chromosphere 
of  a  Ori.  They  examined,  in  particular,  the  region  within 
'5  R,  where  the  wind  flow  is  being  accelerated  The  model 
they  produce  is  consistent  with  the  free-free  emission  in  the 
radio  spectrum  region  and  also  predicts  a  significant  extension 
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in  the  light  of  El  a  with  a  very  large  optical  depth  in  that  line. 
The  authors  kindly  provided  us  with  sufficient  data  so  that  we 
could  compute  a  model  ED  surface  brightness  corresponding 
to  our  1.2  A  bandwidth  filter  The  result  we  obtained  was 
convolved  with  a  suitable  MN1T  PSF  (since  our  images 
contain  this  also)  and  is  shown  compared  to  radial  profiles  of 
our  Eft  images  in  Figure  1 1  The  general  shape  of  the  observed 
emission  is  not  represented  well  by  the  model,  which  appears 
to  predict  a  greater  central  iphotosphericl  component. 
However,  the  radii  at  which  both  model  and  data  fall  to  an 
intensitv  of  of  maximum  coincide  almost  exactly 

(4.5  Rm). 

Hartmann  and  Avrett  conclude  that  the  atmosphere  of  x  Ori 
is  "quasi-static"  rather  than  rapidly  expanding  They  suggest 
that  observed,  nearly  symmetric  line  profiles  may  be  explained 
in  terms  of  a  ''fountain''  model,  whereby  only  a  fraction  of 
ejected  mass  is  accelerated  to  escape  velocity  Draine  (1981)  has 
suggested  that  dust  formation  would  be  possible  around  x  On 
at  distances  as  close  as  18  Rt  A  fountain  model  would,  of 
course,  produce  higher  gas  densities,  making  dust  formation 
more  likely  However,  most  observational  evidence 
(McCarthy.  Low.  and  Howell  19'''’ .  Sutton  el  al.  1977;  Bloem- 
hof.  Townes,  and  Vanderwyck  1984)  suggests  that  most  of  the 
infrared  emission  at  10  urn  does  not  originate  close  to  the  star. 
Our  results  show  no  evidence  of  inhomogeneity  in  surface 
brightness  or  obscuration  which  might  be  attributable  to  dust 
present  within  a  few  stellar  radii 

Failure  of  the  image  profiles  to  conform  to  specific  astro- 
physical  models  induced  us  to  investigate  their  degree  of  cor¬ 
relation.  empirically,  with  simple  mathematical  functions.  A 
plot  of  the  log  of  the  intensity  versus  the  log  of  the  radius 
demonstrated  (hat  the  images  certainly  do  not  conform  to  a 
simple  power  law  Then  we  investigated  the  agreement 
between  the  radial  profiles  and  a  function  of  the  form 

/(Rl  =  /,,</  .  (2) 

where  a.  n.  n.  and  ln  are  constants  and  Rm  is  the  photosphertc 
radius  of  'he  star.  Such  a  distribution  produces,  when  log 


L  -  log  ll  /„)]  is  plotted  against  log  i  R  R*  i  a  '(Might  line 
whose  slope  is  equal  lon.ie. 

log  [  log  i  /  /.. )  J 
Tog  (R 

Figure  12  shows  such  a  plot  produced  from  the  radially  avei 
aged  profile  of  the  sum  of  the  two  Hx  images  there  is  an 
excellent  linear  relation  over  the  range  from  R  n  7  Rm  in 
R  =  4  Rt  A  value  of  n  =  1  977  -  0 008  is  obtained  trom  a 
least-squares  tit  to  the  slope  of  the  curve  within  this  range 
Thus  the  Hx  emission  around  x  Ort  has  a  strikingly  t  laussian 
(n  =  2)  appearance.  From  the  slope  of  a  second  plot  of  log 
l/  /„)  against  I R  R,I1'J3',  we  obtained  a  vaiue  of 
a  =  2.038  ±  0012  R,  142.8-0  7  mast  for  a  --  «  In  othe; 
words,  'he  intensity  falls  to  a  fraction  1  <■  of  maximum  at  a 
radius  ot  -  2  R,.  or  1  R,  from  the  surface  of  the  stai  Since  the 
Hx  images  still  contain  the  MM  I  PSF.  this  value  represents  a 
very  slight  |  -  2" .. )  overestimate  of  the  actual  physical  distribu¬ 
tion. 

At  the  moment  we  are  not  able  to  qualify,  in  astrophvsieai 
terms,  the  perhaps  surprising  agreement  of  the  radial  distribu¬ 
tion  of  our  images  with  a  function  of  the  form  given  in  equa¬ 
tion  (2).  However,  we  are  very  confident  indeed  that  this 
distribution  does  reflect  the  true  nature  of  the  Hx  chromo¬ 
sphere  and  is  not  a  consequence  of  the  imaging  process 

An  elongation  in  a  northwest  southeast  direction  was  show n 
to  be  dominant  in  all  the  Hx  images  of  x  Ori  reported  by 
Hebden  et  al.  ( 1 986).  A  slight  northwest  elongation  is  also 
evident  in  the  very  high  resolution  results  we  have  presented 
here  Honeycutt  or  al.  (1980|  detected  a  K  t  /'699  gas  shell 
surrounding  the  supergiant  which  extends  to  at  least  50  They 
also  noted  that  the  northwest  quadrant  exhibited  more  intense 
K  t  emission,  confirming  the  earlier  observ  ations  of  Bernal  and 
Lambert  (1976).  They  propose  that  this  might  be  due  to  either 
an  asymmetrical  mass  ejection  or  an  asymmetrical  stellar 
surface  intensity.  Honeycutt  er  al.  1 1980)  estimate  that  the  shell 
they  observe  was  ejected  -4700  \r  ago.  and  therefore  it  seems 


Stellar  Radii  [  R.  =  21  mas  ] 

R.itlialU  jv-raaed  profile  n  jn  H?  imjgc  ot  i  *  >n  «.ofnp.ired  to  a  model  Nurf.ice  brightness  distribution  LJkul.tled  hs  Martm.iim  jnd  Vrett  i  |uv4i 


vinnnn 

VWMWIWIMIVUI 


No.  :.  1987  *  ORI  Ha  CHROMOSPHERE  697 


Hi.  1 2  Determination  of  the  constant  power  n.  as  given  in  eq  (2l.  according  to  the  linear  relation  expressed  in  eq  Di  A  straight  line  is  shown  produced  from  j 
least -squares  tit  between  radii  corresponding  to  R  =  0  }  /?#  and  R  =  4  R9 
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unlikely  that  the  same  phenomenon  would  be  responsible  for 
producing  the  observed  chromospheric  elongation 

Finally,  we  should  consider  the  possible  influence  of  the 
recently  discovered  companion  stars  on  the  extended  chromo¬ 
sphere  of  i  On  Karovska,  Nisenson.  and  Noyes  (1986)  have 
adopted  a  preliminary  value  of  50  mas  for  the  semimajor  axis 
of  the  closer  star,  implying  that  it  is  indeed  buried  well  inside 
the  Hx  envelope  The  penastron  of  the  orbit  which  has  been 
proposed  lies  in  the  northeast  quadrant,  which  appears  to 
eliminate  the  possibility  that  the  elongation  we  observe  is  that 
produced  directly  by  the  orbit  of  the  nearest  companion, 
perhaps  in  the  form  of  a  corotating  shell  of  dust  or  gas.  The 
distant  companion  was  located  at  a  position  angle  of  278  ±  5 
and  a  distance  of  510  ±  10  mas.  No  orbit  has  yet  been  estab¬ 
lished  for  it.  and  thus  it  is  not  yet  feasible  to  attempt  to  connect 
the  presence  of  the  outer  companion  with  asymmetry  observed 
in  the  Hx  chromosphere 

VIII  C  ONCH  SION'S  ANI)  FFTLRF  WORK 

The  Hx  emission  surrounding  the  supergiant  star  x  Ori  has 
significant  intensity  out  to  a  radius  of  -  95  mas.  or  4  5  R..  The 
optical  depth  at  this  wavelength  is  evidently  very  large.  An 
asymmetry  in  the  distribution  is  apparent  in  two  observations 
made  nearly  2  yr  apart  and  has  a  similar  position  angle  to  that 
observed  in  past  images  of  the  star  in  the  Hx  line  The  radial 
extent  of  the  Hx  emission  appears  to  be  in  accordance  with 
past  optical  and  radio  observations  and  agrees  qualitatively 
with  a  model  chromosphere  derived  by  Hartmann  and  Avrett 


(1984).  The  radially  averaged  intensity  of  the  Hx  images  of  the 
supergiant  exhibits  a  remarkable  agreement  with  a  Gaussian- 
like  distribution. 

Further  Hi  DSI  observations  were  made  of  x  On  in  1986 
January,  during  which  we  obtained  over  70.000  specklegram 
pairs.  Reduction  of  this  data  is  currently  under  way,  and  it  is 
expected  that  it  should  yield  an  image  of  sufficient  signal-to- 
noise  ratio  to  enable  us  to  investigate  the  intensity  of  the 
envelope  out  to  less  than  0. 1  "■«.  of  the  peak  value  (6-7  R,) 
Further  observations  of  the  supergiant  are  planned  at  the  Ca  n 
>.8542  line.  A  comparison  of  the  relative  intensities  and  exten¬ 
sions  of  the  chromosphere  at  the  two  different  emission  lines 
will  enable  estimates  to  be  made  of  the  temperature  structure 
and  densities  within  a  few  stellar  radii  of  the  photosphere 
Finally,  we  shall  shortly  be  extending  our  investigations  to  the 
atmospheres  of  two  other  supergiants:  x  Scorpn  and  x  Her- 
culis 
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Abst  ract 

A  new  technique  known  as  Differential  Speckle  Interferometry  has  been  applied  to  data 
obtained  using  the  fully-phased  six-mirror  aperture  of  the  Multiple  Mirror  Telescope.  By 
observing  stellar  objects  at  two  distinct  wavebands  simultaneously,  differences  in  the 
)>*,- 1  resulting  from  the  different  wavelengths  can  be  derived,  observations  were  made 
of  the  super  jiant  star  Alpha  Or  ion  is  in  order  to  investigate  the  l!yd rogon-a 1 ph  i  emissior 
from  the  surrounding  envelope.  The  data  reduction  process  consists  of  a  frame-by-frame 
wei  jilted  deconvolution  procedure.  This  process  involves  an  inherent  W  i  one r  -  f  /pc 
filtering  which  must  bo  removed  in  order  to  preserve  high  spatial  frequency  iniormnti  i . 
Results  fir  Alpha  Ocionis  and  far  the  unresolved  source  Gamma  Or  unis  ire  presenter. 

Introduction 

Differential  Speckle  interferometry*  (DS1)  is  a  technique  in  whicti  simultaneous 
speckle  images  (speckle  grams)  obtained  in  two  nearby  wavelengths  are  compared  in  order 
to  derive  image  inform ition  relating  to  the  difference  in  the  appearance  of  the  object 
resulting  from  the  differences  in  the  observing  wavelength.  For  example  such  differences 
miiht  be  produced  by  Doppler  shifts,  stellar  emission  or  absorption  lines,  and  Zeeman 
•»:{•>  -:s.  The  technique  utilizes  the  Differential  Speckle  Camera2  which  incorporates  a 
>  ) '  i  i  Fal: y-Perot  o  t  a  1 c  n  which  has  different  narrow  passbands  (0.4ft  -  1 . 6  ft )  at  two 
.  :  t  :i  > }  ,-n.i  I  polar  i  zat  ions.  One  polarized  image  is  shifted  with  respect  to  the  ot  tier  using 
a  •>*  1  l.istan  prism.  Adjustment  of  the  etalon  temperature  shifts  the  bandpasses  for  the 
t  «  pjl  iruitiDns.  The  bandpass  separation  (0.2ft  -  8.0ft)  and  ful  1 -w  idth- at-ha  1  f-maxiirut 
it  peak  transmission  ar--  dependent  on  the  choice  of  mica  spacer  in  the  etalon.  A  half- 
■  iva  :>  1  i  is  employed  to  chop  between  the  two  polarization  states  in  each  cl  the  two 
result : n  ;  observing  eh  mn»ls,  thus  enabling  the  removal  of  object  polarization 
dependency  on  the  data. 

Mo  ■emraer  1 9  6  3  tne  Mui  t  iple  Mirror  Telescope  (MMT)  was  use.:  in  its  ful  ly-coherent 
i:*-T.;rr  :  configuration  to  obtain  OS  I  observations  of  the  M -  typo  supergiant  Alp  h  a 

,r..n.  ,  i;ri  the  unrest  1  vablo  source  Gamma  Orionis.  The  obtainable  resolution  was  thus 
eguiva'.ent  to  that  of  a  6.86  motor  aperture.  The  stars  were  each  observed  at  t  he 
h  y  .:  r  -  jen  -  a  1  oh  a  wav»oan  i  (6  56ift,  bandpass  1.2ft)  and  simultaneously  in  the  nearby 

•  ntinuum  incut  6  ft  away.  The  altazimuth  MMT  mount  permitted  U  3  I  obse  t  vat  ions  of  the 
super jiant  at  two  distinct  sky  position  angles,  separated  by  about  80  degrees.  This 
effective  rotation  of  the  detector  system  enables  a  very  strong  validation  of  the 
technique  by  indicating  that  any  sijnificant  features  seen  m  the  resulting  analysis  are 
associated  with  the  object  rather  than  produced  as  artifacts  of  the  methodology.  Video 
speck  1  eg r am  pairs  were  recorded  with  15ms  exposures  at  the  rate  of  7.5  Hz,  equivalent  to 
every  fourth  video  frame.  Excluding  light  from  three  out  of  every  four  framer,  enables 
the  image  intensifier  afterglow  to  decay  significantly  between  exposures  so  that 
unevenness  in  the  background  signal  can  be  removed  by  on-line  subtraction  of  consecutive 
ft.iT.es.  The  15  ms  exposure  time  is  sufficiently  short  to  effectively  freeze  the 
if  "juphen:  turbulence  so  that  spec  k  1  eg  r  a  m  s  retain  frequencies  up  to  the  diffraction 
limit  of  the  telescope.  Pos t -obse r va t iona 1  data  processing  begins  with  digitization  of 
the  speck  leg  rams  8  bits  deep  in  a  128  x  128  pixel  array  by  a  Grinnell  digital  television 
system.  The  digitized  data  is  stored  on  9-track  tapes  using  the  Steward  Observatory 
Point  4  minicomputer  system. 

The  innovative  utilization  of  two  simultaneously  acquired  spccklcgrams  allows 
information  relating  to  the  atmospheric  behaviour  to  be  extracted  from  the  brighter, 
high  signal-to-noise  ratio  (SNR)  reference  (i.e.  continuum)  speckle grams  in  order  to 
remove  such  effects  f rame-by-f rame  from  the  corresponding  line  (in  this  case  H-alpha) 
speck  1  eg r ams.  Thus  astronomical  information  can  be  derived  with  a  fat  higher  SNR  than 
that  typicallv  obtainable  using  single  image  (conventional)  speckle  interferometry. 
Petrov  et  a  1 .  show  that  the  overall  SNR  for  DSI  is  equal  to  the  geometric  mean  of  the 

* 

The  MMT  is  a  joint  facility  of  the  University  of  Arizona  and  the  Smithsonian 
institut:  >  r. . 
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two  component  speck  1  eg  r  am  SNHs.  Though  it  is  desirable  to  implement  a  reference 
specklegram  as  bright  as  possible,  at  the  moment  we  are  constrained  to  the  use  of  a 
single  detector  so  the  line/reference  intensity  ratio  may  not  be  too  large  without 
sacrificing  single  photon  detection  in  the  line  specklegram.  Note  that  a  unique 
unambiguous  image  of  an  object  at  either  wavelength  can  only  be  derived  using  the  DSI 
technique  described  here  if  the  object  intensity  distribution  at  the  other  wavelength  is 
known:  i.e.  this  is  a  comparative  technique. 

Data  reduction  method 

At  the  H-alpha  waveband  the  6.86  meter  effective  aperture  of  the  cophased  hi  M  T 
corresponds  to  a  diffraction  limit  of  about  2  0  milli-arc seconds  (mas).  Thus  Alpha 
Orionis,  which  most  measurements  show  to  have  a  continuum  diameter  of  about  S0mas,  is 
quite  easily  resolved  by  the  MMT.  Whereas  reference  speckle grams  obtained  in  the 
continuum  with  the  MMT  can  not  be  used  to  deconvolve  the  corresponding  line  speck  1 egrams 
so  as  to  produce  an  actual  image,  performing  such  a  deconvolution  can  still  enable 
information  relating  to  the  physical  differences  at  the  different  wavelengths  to  be 
derived. 

The  adopted  data  reduction  procedure  consists  of  performing  f r ame-by - f r amc  complex 
deconvolutions  of  the  H-alpha  speck  leg  rams  by  their  simultaneously  acquired 
counterparts.  Performing  a  complex  deconvolution,  a  quotient  in  Fourier  space,  normally 
introduces  spurious  effects  associated  with  the  presence  of  small  numbers  in  the 
denominator.  In  order  to  avoid  this,  each  complex  quotient  is  weighted  by  the  reference 
power  spectrum  and  summed  over  a  large  number  of  frames.  The  resulting  "Differential 
Image"  of  an  object  in  the  line  emission  with  respect  to  its  appearance  in  the  nearby 
continuum  may  be  represented  by  the  expression 


where  N 
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Thus  the  reduction  process  involves  calculating  the  summed  c r os s - spec t r a  between  the 
two  speeklegrams  and  the  summed  power  spectra  in  the  continuum.  In  theory,  the  true 
object  intensity  distribution  in  the  line  is  derived  by  convolving  the  differential 
image  with  a  p re-determined  object  intensity  distribution  at  the  reference  wavelength. 

Initial  resu 1 ts 

Figure  1  shows  a  differential  image  of  the  point  source  Gamma  Orionis  obtained  using 
1000  specklegram  pairs.  Since  it  may  be  assumed  that  the  star  is  unresolved  at  both  the 
H-alpha  and  nearby  continuum  wavebands,  equation  2  becomes  equivalent  to  unity  within 
the  limits  that  the  spatial  frequencies  u  and  v  are  defined.  Thus  the  differential  image 
of  Gamma  Orionis  is  essentially  the  (inverse)  Fourier  transform  of  a  cylindrical  (top- 
hat)  function  with  radius  equal  to  the  frequency  cut-off  of  the  telescope.  The  result  is 
therefore  a  J  i  nc  function  (Jj(r)/r)  whose  half-power  width  is  expected  to  be  about  0.61)1 
/D  radians,  or  about  12mas  for  the  6.86  meter  aperture  of  the  MMT  at  the  H-alpha 
waveband.  It  is  interesting  to  note  that  this  appears  to  suggest  that  the  effective 
resolution  of  a  differential  image  is  twice  that  of  a  conventional  image.  However, 
analysis  shows  that  the  resolution  power  (i.e.  the  ability  to  distinguish  two  close 
objects)  is  not  actually  enhanced.  The  image  scale  in  figure  1  is  equal  to  about  5.2mas 
per  pixel  and  hence  the  half-power  width  (about  3  pixels)  agrees  well  with  the  expected 
result.  The  non-uniformity  of  the  first  secondary  maxima  suggests  that  there  was 
probably  less  than  perfect  optical  coherence  between  the  six  constituent  mirrors  of  the 
MMT.  A  region  of  a  second  rmj  is  also  apparent. 

Figure  2  shows  a  differential  image  of  Alpha  Orionis  obtained  for  another  1000  frames 
of  data.  The  overall  SNR  looks  poorer,  even  though  the  supergiant  star  is  brighter  in 
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the  ensemble  of  DSI  specklegram  pairs, 

Fourier  transform,  of  the  "line"  specklegram, 
Fourier  transform  of  the  "continuum"  soeckleiram. 


t  hi*  nmdpass  useJ ,  because  the  object  is  re  solved  (snore  photons  p.-r  -k  1  ••  hut 
■itsti  it'JteJ  in  considerably  1  a  r  j  e  r  speckles).  Further  differential  images  of  Alpha 
.'■r  ion  is  were  generated  using  about  70  00  frames  of  data  for  each  sky  position  ..  n  i  1  o . 
Th  'u  ih  radial  average  measurements  confirmed  the  existance  of  structure  over  a  diameter 
of  it  ’.east  1  5  0  m  a  s  ,  very  little  evidence  of  the  expected  8  0  degree  i  mage  rotation  w  a  ■> 
rose r V"d  in  these  raw  results. 

These  images  do  have  additional  significance  in  that  they  are  the  first  i ma  job  evet 
obtained  at  the  full  resolution  of  the  MMT.  They  also  demonstrate  the  successful 
implementation  of  the  MMT  is  an  imaging  optical  interferometer. 

Understanding  differential  images 

It  is  important  to  appreciate  that  a  differentia]  image  is  not  an  image  in  the 
conventional  sense.  For  instance,  consider  the  case  where  a  source  has  a  far  nor e 
complex  structure  in  the  line  emission  than  in  the  reference  waveband  (such  as  might  he 
expected  for  Alpha  Or i on i s  at  ii -alpha  with  respect  to  the  nearby  continuum).  Since 
convolution  of  the  differential  image  with  the  pre-deterir.  ined  ref  et  ence  object 
distribution  yields  the  true  line  intensity  distribution,  the  differential  imaje  must 
contain  negativities  for  the  high  frequency  information  to  be  introduced. 


lisa  know  that  an  expression  for  the  differential  image  must  cunt  a  m  i  .5  i  •;  : 
ion  term  to  which  it  is  reduced  when  the  line  and  reference  object  intensity 
rout  ions  are  equivalent  to  delta  functions  (i.e.  a  point  source! .  This  suggests  the 


0  (  x , y )  *  0_ ( x , y )  =  0h ( x , y )  *  J  (  x , y ) 


I  .  x , y ;  =  differential  image, 

.,x,y)  =  object  intensity  distribution  in  the  continuum, 
.  x , y )  =  object  intensity  distribution  in  the  line, 
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x,y)  =  a  Jinc  function  (see  above  text), 

re*  3  e  notes  convolution. 
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-•tailed  analysis  of  the  reduction  technique  has  revealed  that  '..no  weighted 
olufion  quotient  in  equation  2  contains  a  form  of  inherent  Wiener -type  filter 
s. cresses  the  signal  at  high  spatial  frequencies.  It  can  be  shown  th  at  the  power  - 
a  in  the  denominator  contain  a  noise-bias  term  constant  for  a  1  i  f  requeue  res 
trie  c  t  ass -spo  c  t  r  a  in  the  numerator  are  bias  free.  In  addition,  both  summations 
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term  which  is  equal  to  the  Fourier  transform  of  th. 
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pn  ^  on  point  spread  function.  Thus  equation  2  can  be  rewritten  as 
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are  the  noise-bias  free  spectra, 
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the  form  of  a 


W  i  -a  ne  r  - 1  y  pe  filter  such  that  signals  at  high  spatial 
e  n  -  /  below  the  diffraction  limit  are  suppressed  as  the  (frequency  independent) 
•arm  becomes  significant  compared  to  the  power -spec* rum  signal. 


n  ir ier  to  prevent  this  inherent  filtering  effect,  the  bias  must  be  removed  from  the 
idol  power -spectra  in  the  denominator  of  equation  4.  To  achieve  this  it  was  assumed 
*  h  multiplicative  detector  response  term  was  equivalent  to  a  Gaussian.  Hence 
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Figure  3.  The  debiassing  proccSo  as  applied  to  the  Alpha  Orionis  data. 


debiassing  involved  subtraction  of  a  Gaussian  model  fitted  to  the  data  at  spatial 
frequencies  greater  than  the  telescope  cut-off  frequency. 

Figure  3  illustrates  the  debiasing  process  as  performed  for  the  Alpha  Orionis  data. 
Figure  3a  shows  the  radially  averaged  profiles  of  the  co-added  continuum  power -spec t r a 
and  a  Gaussian  fitted  above  the  cut-off  frequency  fc.  The  filter  wc(u,v)  is  obtained  by 
dividing  their  difference  (i.e.  the  debiased  power  spectra)  by  the  original  power 
spectra  (from  equation  6)  and  is  shown  in  figure  3b.  The  spurious  large  signal  at  high 
{ f  >  f  c )  frequencies  is  produced  by  small  number  division.  Note  that  the  form  of  the 
filter  is  what  we  might  expect  from  a  resolved  object  (producing  a  central  broad  spike 
of  low  spatial  frequencies)  which  also  contains  unresolved  features  on  or  around  the 
stellar  disk  (signal  exists  out  to  the  telescope  cut-off).  The  bias-free  differential 
image  is  then  obtained  by  dividing  the  c r oss - spec t r a  by  the  debiased  power -spec t r a.  This 
quotient  also  contains  spurious  signal  due  to  small  number  division  at  large  frequencies 
and  therefore  it  is  multiplied  by  a  cosine-bell  apodizing  function  (radius  equal  to  fc) 
before  inverse  Fourier  t ra ns f or ma t i on . 

In  conclusion,  for  real  detectors  and  finite  photon  statistics  equation  3  should  be 
re -ex  pressed  as  follows. 

D(x,y)  *  Or(x,y)  =  Oh(x,y)  *  J(x,y)  *  Wc(x,y)  (7) 

where  w,.(x,y)  is  the  Fourier  transform  of  the  filter  wc(u>v)- 

Further  results 


Figures  4a  and  4b  show  the  differential  images  of  Alpha  Orionis  at  the  two  sky 
position  angles  after  removal  of  the  noise  bias  teems.  About  7030  specklegram  pairs  were 
used  for  each  image.  At  large  radii  there  appears  to  be  no  evidence  of  asymmetrical 
structure  which  is  not  still  noise  dominated.  There  are  several  possible  reasons  for 
this.  Firstly,  the  MMT  sky-rotator  was  not  employed  due  to  technical  difficulties  and 
consequently  the  stars  were  permitted  to  rotate  by  about  9  degrees  during  each  of  the 
two  integrations,  blurring  the  image  at  large  radii.  Secondly,  imperfect  coherence 
between  the  six  mirrors  may  be  responsible  for  the  systematic  fringes  apparent  in  these 
images.  However,  at  small  (<  30mas)  radii,  where  the  results  have  high  SNR,  there  is 
considerable  evidence  that  an  elongated  asymmetric  feature  in  the  image  is  observed. 
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nount  ot  computet  time  tequuea  to  periorm 
:  i  d  e  d  to  extract  the  central  6  4  x  64  pixels 
mes.  All  the  results  described  above  were 
s  SNR  ot  the  images  produced  so  far  can  be 
x  128  data  frames,  and  li)  reducing  the 
rionis  observation  that  have  yet  to  be 
better  quality,  MMT  data  can  be  obtained 
ibands  such  as  the  singly  ionized  calcium 


sctor  system.  By  having  a  separate  detector 
ams,  there  need  be  no  restriction  on  the 
:er  SNR  as  explained  earlier. 

applied  to  observations  of  Alpha  Orionis 
e  supergiant  and  its  extended  atmosphere4, 
r  the  existance  of  aysmmetrical  structure 
;  the  relatively  low  SNR  results  presented 
lities  within  the  stellar  disk. 
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Abstract.  Differential  speckle  interferometry  has  been  applied  to  data 
obtained  using  the  fully  phased  six-mirror  aperture  of  the  Multiple  Mirror 
Telescope.  Wavelength-dependent  differences  in  the  appearance  of  a  stel¬ 
lar  object  are  derived  from  simultaneous  observations  at  two  distinct 
wavebands.  The  supergiant  star  Alpha  Orionis  was  observed  this  way  to 
investigate  its  appearance  in  hydrogen-alpha  emission.  Data  reduction 
consists  of  a  frame-by-frame  weighted  deconvolution.  An  inherent 
Wiener-type  filtering  must  be  removed  in  order  to  preserve  high  spatial 
frequency  information.  Results  for  Alpha  Orionis  are  compared  to  similar 
results  for  the  unresolved  source  Gamma  Orionis. 

Sub/ect  terms:  speckle,  differential  speckle  interferometry:  astronomy  Multiple 
Mirror  Telescope :  phased  array  optical  imaging. 
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I.  INTRODUCTION 

Differential  speckle  interferometry  (DSI)  is  a  technique  in¬ 
vented  by  Beckers’  in  which  two  speckle  images  (speckle- 
grams).  obtained  simultaneously  in  two  wavelengths,  are 
compared  to  derive  information  about  the  difference  in  the 
appearance  of  the  object  due  to  differences  in  the  observing 
wavelengths  The  differential  speckle  camera2  uses  a  mica 
Fabrv-Perot  etalon  (Dobrowolski  filter1)  to  transmit  two  nar¬ 
row  bandpasses  simultaneously  at  two  orthogonal  polariza¬ 
tions  Control  of  the  etalon  temperature  sets  the  bandpasses 
for  the  filter  The  bandpass  separation  (6  A)  and  the  full- 
width-at  half-maximum  at  peak  transmission  (12  A)  at  each 
bandpass  are  set  by  the  thickness  of  the  mica  etalon  The 
polarized  spccklegrams  are  separated  usmg  a  Wollaston 
prism  A  half-wave  plate  is  employed  to  adernatc  the  two 
polarization  states  in  the  two  observing  channels,  thus  en¬ 
abling  unpolarized  observations  The  two  resulting  speckle- 
grams  arc  imaged  simultaneously  onto  tfv  photocathode  of  a 
single  four-stage  electrostatic  image  intcnsifn  r  that  is  lens- 
coupled  to  a  plumbicon  TV  camera 

In  December  I  ‘783  the  Multiple  Mirror  Telescope  (MMT) 
was  used  in  ds  fully  coherent  six-mirror  configuration4  to 
obtain  DSI  observations  of  the  M-type  supergiant  Alpha 
Orionis  and  the  unresolvablc  source  (iamma  Orionis.  The 

Invited  Paper  ST  105  received  Oct  22.  l‘JKV  revised  manuscript  received 
Jan  '7.  I'JXft.  accepted  for  publication  March  14.  received  by  Manag¬ 
ing  P.ditor  March  21.  I  his  paper  is  a  revision  <■[  Paper  SSf>  4i  which 

was  presented  at  the  SPIf  International  <  unfcrcruc  tin  Speckle.  \ug  2*h  23. 
I  OH S ,  s,<n  Diego,  raid  The  paper  presented  there  appear^  i  iinreferced )  in 
SPIf  Proceedings  V.»l  SSft 
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maximum  obtainable  resolution  was  thus  equivalent  to  that  of 
a  6.86  m  aperture  T  he  filter  was  set  to  observe  each  star  at  the 
hydrogen-alpha  (Hu)  waveband  (6563  A,  bandpass  1.2  A) 
and  simultaneously  in  the  nearby  continuum  about  6  A  away. 
The  altazimuth  MMT  mount  permitted  DSI  observations  of 
the  supergiant  to  he  made  at  two  distinct  sky  position  angles 
separated  by  about  80°.  Video  specklegram  pairs  were  record¬ 
ed  at  the  rate  ot  7.5  Hz.  equivalent  to  every  fourth  video 
frame  (30  Hz  interlaced)  Excluding  the  light  from  three  out 
of  every  four  frames  enables  the  image  intensifter  afterglow  to 
decay  significantly  between  exposures  so  that  ihe  nonuniform 
background  sutnai  can  he  removed  by  on-line  subtraction  of 
consecutive  frames  The  17  ms  exposure  time  (single  video 
field  time)  is  sufficiently  short  to  effectively  freeze  the  atmo¬ 
spheric  turbulence  so  that  spccklegrams  retain  frequencies  up 
to  the  diffraction  limit  of  the  telescope.  The  videotaped  dual 
specklegrams  are  digitized  8  bits  deep  in  a  2x  128x  128  pixel 
array  by  a  Grinncll  Systems  digital  television  system 

The  innovative  utilization  of  two  simultaneously  acquired 
spccklegrams  allows  the  atmospheric  information  to  be  ex¬ 
tracted  from  the  brighter,  high  signal-to-noise  ratio  reference 
(continuum)  specklegrams  in  order  to  remove  the  atmospheric 
distortions  frame  by  frame  from  the  corresponding  line  (Ha) 
specklegrams.  Thus,  astronomical  information  can  be  derived 
with  a  far  higher  SNR  than  is  typically  obtainable  using 
single-image  (conventional)  speckle  interferometry.  Petrov  et 
al.  show  that  the  overall  SNR  for  DSI  is  equal  to  the  geomet¬ 
ric  mean  of  the  two  component  specklegram  SNRs.  A  unique 
unambiguous  image  of  an  object  at  either  wavelength  can  be 
derived  from  DSI  results  only  if  the  object  intensity  distribu¬ 
tion  at  the  other  wavelength  is  known  This  is  a  comparative 
technique  yielding  information  relating  to  the  physical  differ¬ 
ence*  in  the  images  al  the  different  wavelengths. 

2.  DATA  REDUCTION  METHOD 

The  data  reduction  procedure  consists  of  framc-by-frame 
complex  deconvolution  of  the  Ha  specklegrams  by  their  si¬ 
multaneously  acquired  counterparts  Complex  deconvolution, 
a  quotient  in  Fourier  space,  normally  introduces  spurious 
effects  associated  with  the  presence  of  small  numbers  (or 
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DIFFERENTIAL  SPECKLE  IMAGING  WITH  THE  COPHASED  MU,  Ti'-’l  r 


zeros)  in  (he  denominator  lo  avoid  this,  eaeh  complex 
quotient  is  weighted  by  the  reference  power  spectrum  and 
summed  over  a  large  number  ol  frames  The  "differential 
image"  of  the  ob|eet  in  the  line  emission  with  respect  lo  its 
appearance  in  the  nearby  continuum  is  represented  by  the 
expression 

V  Inu. vi 
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n  1  -  —  •  iii 
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where  N  is  the  ensemble  ol  |)SI  speeklegram  pairs.  Iitu.v)  is 
ihe  Fourier  transform  ol  the  "line"  speeklegram.  and  etu.x  I  is 
I  he  Courier  transform  of  the  “continuum”  speeklegram 
Since  the  reference  power  spectrum  (weights)  I e ( n . v ) i 
c’lu.x  i  ctu.v),  where  *  denotes  the  complex  conjugate,  this 
'  expression  mat  be  rewritten  as 

III  U  .  v  Is  •  I  II  .  X  I 
s 

n  -  1 2 1 

cl U.V  I" 
s 

Ihus.  the  reduction  process  involves  calculating  the  summed 
cross  spectra  between  the  two  specklegrams  and  the  summed 
power  spectra  in  the  continuum  Since  power  spectra  contain 
a  noise  bias  that  is  nonzero  at  all  spatial  frequencies,  the 
denominator  is  never  zero  In  theory,  the  true  object  intensity 
distribution  in  the  line  is  derived  h\  convolving  the  differen¬ 
tial  image  w  ith  a  predetermined  object  intensitx  distribution  at 
the  reference  wavelength. 


3.  INITIAL  RESULTS 

At  the  Hu  waveband  the  b  X6  m  effective  aperture  of  the 
cophased  MMT  corresponds  to  a  DSI  diffraction  limit  of 
about  12  milliaresec  Thus.  Alpha  Orioms.  which  most 
measurements  show  to  have  an  effective  continuum  dian  eter 
ot  about  50  milliaresec,  is  quite  easily  resolved  by  the  MMT 
Figure  I  shows  a  differential  image  of  the  point  source 
Gamma  Orionis  obtained  using  1000  speeklegram  pairs 
Since  it  may  be  assumed  that  the  star  is  unresolved  at  both  the 
llu  and  nearby  continuum  wavebands.  Hq  (2)  becomes 
equivalent  to  unity  within  the  limits  that  the  spatial  frequen¬ 
cies  u  and  v  are  delined  (i  e  .  up  to  the  diffraction  limit) 
Ihus.  the  differential  image  ol  Gamma  Orionis  is  esscntiallv 
the  (inverse)  Fourier  transform  of  a  cylindrical  (top- hat)  I  unc¬ 
tion  with  radius  equal  to  the  frequency  cutoff  of  the  telescope 
the  result  is  therelore  a  J me  function  |J,(rlr|  whose  halt- 
power  width  is  expected  to  be  about  0.61  A  I)  radians.  ,,r 
about  12  milliaresec  for  the  b.86  m  aperture  of  the  MMT  at 
the  Hu  wavcoand  This  appears  to  suggest  that  the  effective 
resolution  of  a  differential  image  is  tw  ice  that  (  20  milliaresec  ) 
ol  a  conventional  image  However,  analysis  shows  that  the 
resolution  power  ( the  ability  to  distinguish  two  close  objects) 
is  not  actually  enhanced  The  image  scale  in  Fig.  I  is  equal  to 
about  5  2  milliaresec  per  pixel,  and  hence  the  half-power 
width  i about  f  pixels)  agrees  well  with  the  expected  result 
Ihe  nonunitormity  of  the  first  secondary  maximum  suggests 
that  there  was  probably  less  than  perfect  optical  coherence 
between  the  six  constituent  mirrors  of  the  MMT  A  region  ot  a 


Fig  1.  Differential  image  of  Gamma  Orionis 


Fig.  2  Differential  image  ol  A'pha  Orionis 
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4.  UNDERSTANDING  DIFFERENTIAL  IMAGES 

A  differential  image  is  not  an  image  in  the  conventional 
sense.  Consider  the  case  in  which  the  source  has  a  far  more 
complex  structure  in  the  line  emission  than  in  the  reference 
waveband.  This  is  expected  for  the  extended  atmosphere  of 
Alpha  Orionis  seen  in  Ha  with  respect  to  the  stellar  disk  seen 
in  the  nearby  continuum.  An  image  of  the  structure  seen  in  the 
line  emission  could  be  recovered  by  convolving  the  differen¬ 
tial  line  emission  image  by  a  (predetermined)  reference  con¬ 
tinuum  image.  Negativities  contained  in  the  differential 
image  preserve  high  frequency  information  in  such  a  con¬ 
volution. 

An  expression  for  the  differential  image  must  contain  a  Jinc 
function  term  to  which  it  is  reduced  when  the  line  and  refer¬ 
ence  object  intensity  distributions  are  equivalent  to  delta  func¬ 
tions  (i.e.,  a  point  source).  This  suggests  the  relationship 

D(x,y)  *  Oc(x.y)  =  Oh(x.y)  *  J(x,y)  ,  (3) 

where  D(x.y)  is  the  differential  image,  Oc(x,y)  is  the  object 
intensity  distribution  in  the  continuum,  Oh(x,y)  is  the  object 
intensity  distribution  in  the  line,  J(x,y)  is  a  Jinc  function  (see 
text  above),  and  *  denotes  convolution. 

A  detailed  analysis  of  the  reduction  technique  has  revealed 
that  the  weighted  deconvolution  quotient  in  Eq.  (2)  contains  a 
form  of  inherent  Wiener-type  filter  that  suppresses  the  signal 
at  high  spatial  frequencies.  The  power  spectra  in  the  denom¬ 
inator  contain  a  noise  bias  term  whereas  the  cross  spectra  in 
the  numerator  are  bias  free.  In  addition,  both  summations 
contain  a  multiplicative  term  that  is  equal  to  the  Fourier 
transform  of  the  detector  single  photon  point  spread  function 
(the  detector  function).  Thus,  Eq.  (2)  can  be  rewritten  as 

SxSgfu.v)  2xs 

N  N 

FT|D(x,y)|  = - = - (4) 

2(pS  +  n)g(u.v)  2<ps  +  n) 

N  N 

where  XS  and  PS  are  the  noise-bias-free  spectra,  g(u,v)  is  the 
detector  function,  and  n  is  the  mean  number  of  photon  events 
per  frame.  Equation  (4)  can  then  be  separated  into  a  "noise- 
bias-free"  differential  image  and  a  "filter”  term: 

2xs 

FT[D(x.y)]  =  — — - wc(u,v)  ,  (5) 

2  ps 

N 

where 

2  ps 

w,lu.v)  =  - - - - - -  (6) 

2ps  -2s 

N  N 

The  wc(u.v)  is  of  the  form  of  a  Wiener-type  filter  such  that 
signals  at  high  spatial  frequency  below  the  diffraction  limit 
are  suppressed  as  the  (frequency-independent)  noise  term  be¬ 
comes  significant  compared  to  the  power-spectrum  signal. 

To  prevent  this  inherent  filtering  effect,  the  bias  must  be 
removed  from  the  summed  power  spectra  in  the  denominator 
of  Eq  (4)  To  achieve  this,  it  was  assumed  that  the  detector 
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Fig.  3.  Debiasing  process  as  applied  to  the  Alpha  Orionis  data,  (a) 
Power  spectrum  and  best-fit  Gaussian,  (b)  Estimated  Wiener-type 
filter. 

function  was  equivalent  to  a  Gaussian.  Hence,  debusing  in¬ 
volved  subtraction  of  a  Gaussian  model  fitted  to  the  data  at 
spatial  frequencies  greater  than  the  telescope  cutoff  fre¬ 
quency.6 

Figure  3  illustrates  the  debiasing  process  as  performed  for 
the  Alpha  Orionis  data.  Figure  3(a)  shows  the  radially  aver¬ 
aged  profiles  of  the  summed  continuum  power  spectra  and  a 
Gaussian  fitted  above  the  cutoff  frequency  f .  The  filter 
wc(u,v)  is  obtained  by  dividing  their  difference  (i.e..  the 
debiased  power  spectra)  by  the  original  power  spectra  [front 
Eq.  (6)J  and  is  shown  in  Fig.  3(b).  The  spurious  large  but 
meaningless  signal  at  high  (f  >  fc)  frequencies  is  an  inevitable 
consequence  of  division  by  small  numbers.  Note  that  the  form 
of  the  filter  is  what  we  might  expect  from  a  resolved  object 
(producing  a  central  broad  spike  of  low  spatial  frequencies) 
that  also  contains  unresolved  features  on  or  around  the  stellar 
disk  (signal  exists  out  to  the  telescope  cutoff).  The  bias-free 
differential  image  is  then  obtained  by  dividing  the  cross  spec¬ 
tra  by  the  debiased  power  spectra.  This  quotient  also  contains 
spurious  signal  due  to  small  number  division  at  large  frequen¬ 
cies,  and  therefore  it  is  multiplied  by  a  cosine-bell  apodmng 
function  (radius  equal  to  fc)  before  inverse  Fourier  transfor¬ 
mation. 

In  conclusion,  for  real  detectors  and  finite  photon  statistics 
Eq.  (3)  should  be  reexpressed  as 

D(x,y)  *  O.tx.y)  =  Oh(x.y)  *  Jtx.yi  *  Wjx.y)  .  |7i 

where  Wc(x,y)  is  the  Fourier  transform  of  the  filter  wt(u,v). 

5.  FURTHER  RESULTS 

Figures  4(a)  and  4(b)  show  the  differential  images  of  Alpha 
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DIFFERENTIAL  SPECKLE  IMAGING  WITH  THE  COPHASED  MULTIPLE  MIRROR  TELESCOPE 


Fig.  4.  Differential  images  of  Alpha  Orionis  at  two  sky  position 
angles  after  removal  of  the  noise  bias  terms. 

9 

Orionis  at  the  two  sky  position  angles  after  removal  of  the 
noise  bias  terms.  At  large  radii  there  appears  to  be  no  evi¬ 
dence  of  asymmetrical  structure  that  is  not  still  noise  domi¬ 
nated.  There  are  several  possible  reasons  for  this.  First,  no 
compensation  was  made  for  sky  rotation,  and  consequently 
the  stars  rotated  by  about  9°  during  each  of  the  two  integra¬ 
tions.  blurring  the  image  at  large  radii.  Second,  imperfect 
coherence  between  the  six  MMT  mirrors  may  be  responsible 
for  the  systematic  fringes  apparent  in  these  images.  However, 
at  small  (<  30  milliarcsec)  radii,  where  the  results  have 
highest  SNR,  there  is  some  evidence  that  an  elongated 
asymmetric  feature  in  the  image  is  observed,  rotated  exactly 
as  predicted.  The  effective  rotation  of  the  entire  telescope 
plus  detector  system  enables  a  very  strong  validation  of  the 
technique  if  any  significant  features  seen  in  the  resulting 
analysis  are  associated  with  the  object  rather  than  produced  as 
artifacts  of  the  methodology. 

6.  DISCUSSION 

In  order  to  significantly  reduce  the  vast  amount  of  computer 
time  required  to  perform  the  DSl  reduction  process,  it  was 
initially  decided  to  extract  the  central  64  x 64  pixels  from  each 
of  the  I28x  128  digitized  data  frames.  All  of  the  results  de¬ 
scribed  above  were  achieved  using  this  smaller  data  window. 
The  SNR  of  the  images  can  be  much  improved  by  (a)  utilizing 
the  full  I28x  128  data  frames  and  (b)  reducing  the  20,000  or 
so  data  frames  from  the  Alpha  Orionis  observation  that  have 
yet  to  be  analyzed.  Furthermore,  we  hope  that  additional, 
better  quality  MMT  data  can  be  obtained  in  the  near  future  at 
Ha  and  other  wavebands  such  as  the  singly  ionized  calcium 
lines  (e  g. ,  8542  A). 

Eventually,  we  wish  to  implement  a  dual-detector  system. 
By  having  a  separate  detector  for  each  of  the  line  and  refer¬ 
ence  specklegrams,  there  need  be  no  restriction  on  their  rela¬ 
tive  intensity,  thus  enabling  a  much  greater  SNR  (e  g.,  by 
increasing  the  continuum  image  bandpass). 

Several  other  imaging  techniques  have  been  applied  to 
observations  of  Alpha  Orionis  in  an  attempt  to  study  the 
resolved  disk  of  the  supergiant  and  its  extended  atmosphere.7 
These  have  all  shown  overwhelming  evidence  for  the  exis¬ 
tence  of  asymmetrical  structure  surrounding  the  star  in  Ha 
light.  The  relatively  low  SNR  results  presented  here  suggest 
the  presence  also  of  inhomogeneities  within  the  stellar  disk. 
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Abstract 

All  six  MMT  telescopes  can  now  be  optically  cophased  s i  in  ul taneous 1 y  over  a  wide  field 
of  view  yielding  coherent  coverage  of  the  complete  Fourier  transform  plane  cor  re spond ing 
to  that  of  a  pupil-masked  telescope  of  (1.86  m  aperture,  ('pen-loop  phasing  control 
compensates  for  flexure-induced  path-length  changes  due  to  variable  gravitational 
loading  as  a  function  of  elevation.  The  system  has  been  used  to  produce  diffraction 
limited  images  and  differential  images  of  Alpha  Orionis  using  narrow-hand  (  1 . 2 A )  filters 
centered  both  on  Hydrogen -a  1  pha  and  on  a  similar  bandpass  out  of  the  absorption  line. 
Corresponding  wide  (10UA)  and  narrow-band  images  of  Camma  and  Fpsilon  Orionis  show  the 
expected  result  tor  unresolved  sources  at  the  diffraction  limited  resolution  of  the 
fully-phased  MMT. 

I n t r oduc  t ion 

Although  designed  primarily  as  a  large  light-collecting  telescope,  recent  experiments 
have  shown  that  the  Multiple  Mirror  Telescope  (MMT)  may  be  conveniently  operated  in  a 
phased  array  configuration*.  Whereas  the  six  constituent  mirrors  have  an  effective 
collecting  area  equivalent  to  that  of  a  single  mirror  of  diameter  4.45m,  they  can  be 
used  to  achieve  a  resolution  equal  to  that  obtainable  with  a  single  f>.8Gm  mirror. 
Cophasing  of  the  six  beams,  as  discussed  briefly  in  the  following  section,  is  achieved 
using  a  wedge  prism  assembly.  Since  cophasing  experiments  were  first  attempted  with  the 
MMT  it  was  observed  that  phasing  of  the  telescope  was  highly  dependent  on  the  sky 
elevation  and,  to  a  much  lesser  degree,  on  the  temperature  of  the  MMT  structure.  Recent 
experiments,  which  have  included  compensation  for  the  elevation  dependency,  have  shown 
that  we  are  now  able  to  achieve  a  fully-phased  mode  quickly  and  efficiently.  The 
telescope  is  stable  in  this  configuration  for  sufficiently  long  periods  of  time,  even  at 
relatively  large  observing  bandpasses,  such  that  astronomical  images  at  the  full  six- 
mirror  diffraction  limit  may  be  obtained. 


Cophasing  the  MMT 


A  full  description  of  the  various  cophasinq  modes  of  the  MMT,  at  infrared, 
s  u  b  m  i  1  1  i  me  te  r  and  optical  wavelengths,  is  given  by  liege  et  al'.  For  the  speckle 
interferometric  experiments  described  here  cophasinq  was  achieved  by  adjusting  pairs  of 
glass  wedges  inserted  in  each  of  the  six  beams  at  positions  located  between  the  tertiary 
mirrors  and  the  beam  combiner  which  directs  them  to  their  common  focal  point-  By 
translating  one  of  the  two  complementary  wedges  with  respect  to  the  other  the  effective 
path  length  incurred  by  the  beam  arriving  at  the  focal  point  may  lie  adjusted.  In 
practice,  five  of  the  beams  are  cophased  with  respect  to  the  sixth,  conventionally 
chosen  to  be  that  corresponding  to  mirror  A  (the  six  mirrors  are  labelled  A  throuqh  F). 
Bach  cophased  pair  of  mirrors  produces  a  series  of  fringes  in  the  focal  plane.  The 
cophase  condition  is  detected  by  visual  examination  of  the  video  specklegrams  produced 
■  y  the  intensified  video  speckle  camera2,  i.e.  we  look  for  the  appearance  of  fringes. 
The  contrast  of  the  fringes  decreases  with  increasing  bandwidth  but  a  large  bandwidth 
'typically  f><‘ Ua)  is  nevertheless  required  in  order  to  produce  few  enough  fringes  such 
that  the  center  of  their  distribution  may  be  positioned  precisely  on  the  center  of  the 
observed  specklegram.  The  prisms  are  stepped  in  intervals  corresponding  to  a  path  length 
change  of  0.18  microns  which,  as  the  table  shown  below  indicates,  is  significantly 
smaller  than  the  coherence  lengths  of  the  optical  filters  we  have  implemented  both  for 
observation  and  cophasing  purposes. 

Filter  Coherence  length 

6563A/1.2&  3589  microns 

8500^/100^  73  microns 

5200X/100X  27  microns 

6000^/600^  6  microns  (cophasing  only) 

Table  1.  Optical  filters  and  their  coherence  lengths 
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The  effect  of  telescope  tilt  on  the  cophase  condition  is  automatically  compensated 
for  by  assuming  a  quadratic  fit  between  the  prism-pair  position  and  the  elevation  angle. 
Tne  quadratic  parameters  are  obtained  experimentally  at  the  start  of  each  observing  run 

and  thereafter  are  used  to  enable  the  MMT  computer  to  make  suitable  adjustments  to  the 

prisms  during  the  observation  of  a  given  object.  The  calibration  consists  of  observing  a 
number  of  stars,  say  six,  at  various  elevations  between  about  30  and  80  degrees,  and 

obtaining  the  prism-pair  settings  (in  0.18  micron  step  units)  at  which  fringes  were 

observed  to  cross  the  video  specklegram.  The  same  stars  are  observed  several  times  as 
they  move  over  the  sky  so  that  a  wide  range  of  elevation  angle  is  sampled  sufficiently 
finely.  The  stars  are  ohserved  in  order  of  decreasing  or  increasinn  elevation, 
repeatedly  up  and  down,  thus  any  hysteresis  involved  can  be  evaluated. 

figure  1  (  a  -  e  )  shows  the  change  in  optical  path  length  as  a  function  of  elevation 

obtained  for  the  mirror  pairs  A-R,  A-C,  A-D,  A-F  and  A-F.  The  observations  were  made  on 
24th  January  1  '*  8  r  .  Two  different  symbols  have  been  used  in  order  to  indicate 

measurements  taken  during  increasing  (*)  or  decreasing  (x)  elevation.  Also  shown  are  the 

best-fit  least-squares,  quadratic  curves.  The  standard  error  calculated  between  the  da  ta 
points  and  t  fie  best-fit  curves  is  given  in  Table  2. 


a)  Mirrors  A  and  R 


b)  Mirrors  A  and  C 


Figure  1  (a  and  b).  Change  in  optical  path  length  as  a  function  of  elevation. 
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c  )  Mrrors  A  and 
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Figure  1  '  c  ,  d  ,  and  el .  'han  je  in  optical  pa  t  h  length  as  a  function  of  elevation. 
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Mirrcr  pa  1  r 


Standard  error 


A  -  B 
A  -  C 
A  - 
A  -  K 
A  -  F 


microns 

12.6 

microns 

7  . 

88 

microns 

7  . 

43 

microns 

1  1 

.  2 

iricrons 

Table  2. 


Standard  error  between  cophasing  condition  evaluations 
and  a  best-tit  least-squares  quadratic  curve. 


It  is  evident  tror  Tables  1  and  2  that  whereas  the  ertor  involved  in  using  a  smile 
quadratic  function  in  order  to  predict  the  required  a d ; u s t  m  e n t  in  phasing  condition 
dur in.:  change  in  elevation  angle  would  be  significant  for  observations  using  a  very  wide 
bandwidth  filter,  the  error  involved  tor  observations  made  using  our  narrow  hydrogen- 
alpha  ( t*U'  3,*  !  emission  line  filter  is  negligible.  The  small  amount  of  hysteresis 
apparent  in  some  of  the  data  shown  in  figure  1  will  therefore  not  inhibit  adequate  phase 
compensation  for  our  appl i ca t ions. 


Though  this  experiment  was  repeated  at  the  beginning  of  each  of  our  four  nights  ot 
observation  .’-1th  -  ?7th  January,  we  found  that  the  curves  we  obtained  on  the  very  first 
night  were  more  than  adequate  for  observations  on  all  subsejuent  nights.  We  noted  that 
not  only  was  the  compensation  sufficient  to  allow  observation  at  a  1  t'  C  A  bandpass  of  a 
given  object  for  ten  or  so  minutes  without  significant  loss  of  coherence  (  i .  e .  loss  of 
fringes),  but  also  it  permitted  us  to  jump  between  two  objects  of  reasonably  distant 
elevation  (2d  degrees,  say)  without  loss  of  coherence  at  similar  bandpasses.  Typically 
the  curves  vary  significantly  between  different  observing  runs,  particularly  if  the 
telescope  has  been  reconfigured  in  the  intervening  time  (i.e.  exchange  of  primary 
mirrors). 


The  seeing  during  our  most  recent  ob  serving  run  at  the  M.  NT  in  January  1 9  8 t  >  was 
typically  around  l.r>  arcseconds  throughout.  During  such  conditions  we  have  found  that 
cophasing  of  the  telescope,  uhich  is  as  yet  only  possible  by  visual  inspection,  is  a 
reasonably  fast  and  reliable  process.  However  it  has  been  our  experience  in  the  past 
that  the  seeing  can  be  so  poor  that  cop ha  sing  is  quite  impossible.  Such  conditions 
occured  in  June  1985  when  we  found  that  the  atmospheric  correlation  time  was  very  much 
shorter  than  our  shortest  frame  exposure  time. 

Shortly  before  our  observing  run  in  November  1985  one  of  the  six  constituent  mirrors 
of  the  MMT  was  replaced  with  a  spare  while  the  original  was  re-aluminized.  Unfortunately 
the  focal  length  of  the  replacement  had  not  been  specified  sufficiently  accurately  and 
we  were  unable  to  cophase  it  with  any  of  the  other  five  mirrors  within  the  limits  set  by 
the  wedqe  prisms  in  their  original  configuration.  The  point-source  results  obtained  from 
these  observations  demonstrate  a  significantly  different  distribution  to  that  obtained 
for  six  mirrors,  as  shown  in  a  later  section.  The  spare  mirror  was  itself  replaced  by 
the  original  before  the  run  in  January  1986  and  we  experienced  no  further  problems. 

Obse r va  t ion s 


The  results  presented  here  have  been  obtained  as  part  of  an  ongoina  investigation  of 
the  resolved  disks  and  extended  atmospheres  of  giant  and  supergiant  stars  at  the  full 
d  i  f f ra c t i on- 1 i m i ted  resolution  of  the  MMT.  In  particular,  considerable  study  is  being 
made  of  the  appearance  of  the  M-type  supergiant  Alpha  Orionis  and  its  surrounding 
envelope  in  the  hydrogen -a  1 pha  line.  Throughout  these  investigations  we  have  found  it 
very  useful,  mainly  for  diagnostic  purposes,  to  intersperse  our  supergiant  observations 
with  similarly  acquired  data  for  unresolvable  sources.  Gamma  and  Epsilon  Orionis  have 
frequently  been  observed  in  conjunction  with  Alpha  Orionis  for  example.  It  is  these 
"point  source"  results  we  particularly  wish  to  present  here,  and  to  show  that  they  are 
indeed  diffraction  limited  in  that  they  conform  to  theoretical  predictions  for  the 
coherent  MMT  con f i g ura t i on. 

Cophased  MMT  observations  of  Alpha  Orionis  were  first  made  in  December  1983.  The 
preliminary  results  were  presented3  at  the  SFIE  "International  conference  on  speckle"  in 
August  1985  following  a  long  period  of  technique  validation.  Further  observations  were 
made  in  November  1985  and  January  1988,  and  more  shall  be  attempted  shortly  in  February 
198  6.  We  have  deliberately  chosen  such  short  periods  between  our  most  recent 
observations  in  order  to  study  the  temporal  evolution  of  the  supergiant.  Several  past 
observations  have  indicated  the  presence  of  temporally  variant  (on  the  timescale  of 
months,  small-scale  structure  (at  the  diffraction  limited  resolution  of  the  MMT)  within 
the  stellar  disk4. 

noth  Differential  Speckle  Interferometry  (DSI)  and  Weighted  S h i f t - a n d - Add  (WSA) 
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te-bni  ■  weii?  usiwj  to  produce  the  results  described  tier-?.  The  former  methcd, 
by  1  •  ■  i  c  .  involves  obtaining  simultaneous  s  pe  c  k  1  en  r  a  m  s  at  twc  ne^i  ‘  y 

t‘,;.  "‘us  i  •  )  -e  information  relating  to  the  difference  in  the  appearance  ol  the 
••ml  t  l  n  i  ft"’  the  differences  in  the  observing  wavelength  can  be  derived.  ’■ 
i  e  s  - 1  .  ;  r  j  o  i  , '  t  the  I  n  j’l  p  men  t,i  t  ion  of  P  S  1  to  observations  such  as  those 
here  is  11'?“.  by  iiel'dert  et  al.  *.  To  summarise,  the  reduction  process  involve-: 
‘■in:  :  e  c  '«  1  e  ;  r  a  ■-  s  obtained  in  the  H  -  a  1  p  h  a  line  with  simultaneously  acquired 

t  » ••  s  et  tamed  in  t  tie  continuum  about  eA  away,  Assuming  identical  atmospheric 
•  '  s  w.  i.-hiPVP  a  result  Known  as  a  "differential  image"  which  conforms  t  ■>  a 
"il  i’  i  w  fieri  convolved  with  an  image  obtained  in  t  he  continuum  alone,  this 
:  it  t  l  i.ir  1  y  useful  if  we  ran  assume  that  the  structure  cf  the  object  in  the 

'  i  !  rt  i  •  i  c  a  n  t  1  y  r  t  e  e  x  ten  led  ,  or  if  the  structure  in  the  neatly  con  t  inuun  l  ■ 

i  ’  r.  a:l,  i”  :r  it?!  y. 

t  -  .  •  :  f  t  -  ir  i-'id  i  ,  as  dismissed  in  great  detail  by  rf.t  b-tou  et  al.1'  in  i 

i  a-:--  -  in  the  conventional  sense  essentially  by  addin-:  together  all  the 

‘  re  :>■•'.  t  in  i  creel  ]eoram.  This  method  assumes  each  speckle  is  a  low  signal-to- 
:  t  i  .■  1 1  o  ~  f  t  h»-  ditfraction-limi  ted  object  distr  i hut  ion  and  is  particularly 
!  e  t  '  ‘tight  (large  b  a  n  - 1  w  i  d  t  h  )  data.  Images  obtained  using  S  A  may  then  c  f 
to  pt  -  iuce  i  •  i-ses  i -i  the  H -alpha  line  by  convolving  with  the  I  g  I  iriucs 


Results 


=  •  -  -  th 
-  i  1  ;  ha 


?  differential  image  of  the  unresol  vat-]  e  star  darrma  Orionis  obtained 
continuum  specklegram  pairs  recorded  in  Pecember  19H3.  It  can  be 


l  n  e  r 
i  /  t  he 
••  f  to 

:  l  v  a  1  e 
r  i 

:  ■ :  a  1  t 
~  '  ion 


1  t  f  hr 
t  ,  re. 


et  si.  !  that  the  differential  image  of  a  point  source  is  equivalent 
Fourier  transform  of  a  uniformly  weighted  spatial  frequency  domain 
fro  ji.enoy  cut-off  of  the  multiple  aperture  telescope.  Hence  it  is  not 
'■lie  actual  image  in  the  conventional  sense  which  is  defined  as  the  power 
;-t  rodulus  squared)  of  the  telescope  pupil.  If  the  MMT  pupil  were  assumed 
r,  t  to  that  of  a  single  C.P.Om  diameter  mirror  then  the  differential  image 
'  i s  would  be  the  transform  of  a  cylindrical  (top-hat)  function  with  a 
the  frequency  cut-off  of  the  telescope.  The  result  would  therefore  be  a 
l  j  i  r  r)  whose  half-power  width  is  about  d.01  X/D  radians,  or  about  1? 
-t  sr:  (msa)  for  the  f.flh  meter  aperture  at  the  li-alpha  waveband.  Figure  ? 
~entr.il  half-power  width  anrees  well  with  this  approximate  model  ol  the 
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Figure  3.  A  differential  image  of 
Epsilon  orionis  (6r.?3&);  Novembe- 
1985. 


250 


:i  t  t  et  ent  la  1  image  of  the  su[-»'t  -nar.t  stir  A  2  f  ha  >  r  i  <.  n  i  ■ 

A  1  f  ha  rontiri'iun  Sj  eck  le>j  ra  ir.  p.i  l  r  s  lr.  Novell  et  ;_<■*.  ■:  ut 

c  f  cool  star?  tells  us  t  ha  t  sup  e  t  g  unt  s  ucl;  as  Alpha  •  r 
:e  extended  shell  surrounding  the  central  star  that  is  v 
‘«p.'(*ntly  the  photospheric  (continuur:  diameter  has  been 
e  *1 i  1  r  sa .  1  here  f  ore  t  he  diHerentiaJ  ira  qe  of  A  1  j  ha  '  n; 
i  t  p  ;■  the  existence  o  1  excess  intensity  in  h  -  a  1  p  h  a  well  : 

'  radius.  As  mentioned  earlier,  i  con  •.  en  t  i  onj  1  image  of  tr 
"O'!  iy  .’onvclvinq  t  lie  differential  iraue  with  a  convent io 
■  >  ront  inuur  .  he  fete  t  h  i  s  can  fe  dcu*  however,  the  hiuh- 
he  r  er;  t  in  the  1  technique,  a:  :  o »  or  ted  ear  1  let  ,  rust  :  * 

t  >  l  :  (  t  oqt  »■;  s.  "he  presence  !  a  n  elcn>jd  t  e  d  f  e  a  tore  w 

:  l  s  ►.  re-MCh  of  t  he  image  is  in  accordance  with  rrevious 


a  i  :•  .1 .  j  e  of  '  *a  "  it  a  v  i  icnis  o  t  t  a  1  u  e  d  u  s  l  n  }  a  1  ; 
r  1  ' r;  1  i  ». e  those  de s c r  1 1  o d  a t  c v o  ,  this  is  a r 

»ni  t  fie  refute  te;  resents  an  e  u  t  l  n  a  t  e  o  t  t  f,e  ;  l  n 
•  *  r  ••  i  i:  a  ;  e  of  t  h  e  same  star  c  i  fiint*:  :  r  c  r  t 
florae  ’ .  n  1  \  1  1  H  frames  of  t  f .  <  h'i'*  i  .  V  A  :  < 

:  1  t  l  .  i  n  e  .  t  l  r  a  t  *-•  e  1  t  he  M  M  i  !  ’  l  r,  t  he  i  t  r  c  r 


actual 


a  no  i  as; 
r  r  c  r  i  ] 


P  inure 
spread 


Theoretical  M  M  T  ;  o  i 
.notion  for  five  mirror.* 


l scu  ss l on 


!  y  the  a :  f  e  3  r a  n  c  e  cf  our  point  source  results,  mode  1  intensity 
■alci ..  !'i  f  M.j.  i-  inures  and  9  show  the  computed  form  of  y  v  T  I  :  fs  tor 
r  r  r  or.  *  j  :  isiticns  respectively.  It  was  explained  earlier  that  the 
i  •'*'  *  a  |  r  i  n  t  source  hoi  imaoe  is  n._  t  r a t hema t  i  ca 1 1 y  e-juivd  lenf  to 

e  i  ;  .  however  experiments  show  that  the  overall  f  o  r  m  .  f  their 
f  r  .*  i  ■  i  M  r  .  Thus  we  are  ah  le  to  con  f  are  ,  qua  1  l  ta  t  i  ve  1  y,  f  i  iut  es  •• 
‘  f  *•[(•'*  i  i  1  arid  conventional  i  '  a  q  i  r.  :  results  for  the  u  n  t e  s  «o  1  v  a  t  1  e 


f  K  e  ■  ‘  ;  and  V*.  A  point-source  images  f  c  r  the  .'lx  n  r  r  r  r 
traf**  r^ar'  p.afly  good  agreement  with  the  theoretical  n.c  i«*  1  shewn  in 
.it  for  the  five  mirror  MMT,  figure  7,  shows  a  strong  r  ese  n  I  1  an  c»» 
i  r  f  i  .up  although  the  central  peak  appears  strangely  elongated 

•  e  ri  s  u  r  a  t  e  «  i  th  the  model.  However,  unlike  for  tie  ether  results 
was  virtually  no  com  pen sa t i on  made  during  the  reduction  process 
:  l  s  t  .ft  ion  i  roduced  hy  the  image  i  n  t  e  n  s  i  f  l  e  r  T*  camera  system.  The 


*■  T  ftfscope  s  /// '  f  98b/ 


' vlvivl'  Iv'"'-'' 


live  mirror  '  il  results  shewn  in  flumes  i  md  4  also  c-.  pj-in^  t  .1  vvt  iS  1  y  with  flume  u 
however,  the  ^  ppa  t  en  t  ibsenre  o  t  one  o  t  the  o  u  t  e  t  six  lot  (■?  11:  hot  f  at  these  results 

ices  not  not  re  late  with  the  t  j  ve-roirrot  MMT  i'SF.  A  closer  eusinat  icn  of  the  results  has 

shown  that  these  "  r  1  5  s  l  n  a "  lobes  have  very  low  power,  lately  detectable  within  the 

taekuroun.i  noise  ol  the  iiraaes.  however,  since  the  two  rnn.ies  correlate  sc  much  setter 
With  each  other  1  r:  this  respect  than  they  <io  with  the  thecretica!  model,  we  conclude 
that  the  cc  l  ined  I  .  I  ot  trie  telescope/  camera  system  is  not  exactly  1 1  a  t  expected  I  1  on  a 
>  I  e  t  r  a  t  >■  i  in.1  mirror  M  “  'I  contiuuration.  A  1  t  ho  no  h  t  fie  I-.  A  ini;,*  does  not  exhibit 

;  t  1  1  ?  1  ,  •  1  y  ,  til  .  1  \  I  e  die  t  ,1  the  tat  that  ..  A  i  -.o  int  .til.-  l  in  a  i  e  :  o  ,  n  o  !  t  e  h 

•  1  .  1  1  e  tie  n.l  -  c  i  I.'l  III'  !  I' :  1  ,  pat  ticulai  1  y  In  the  .  a  1  t  ,  o.m  ;  ho  t  on  i  t  it  int  ini 

..tether  these  >•  :  t  e  ,  t  s  ire  in  deed  due  to  optical  abemtl-v;,  or  in  tact  are  produced 
a  v  s  t  e  i1  a  f  i  -'a  1  1  >  t  y  t  he  .  !  lrann  :  t  ec  hn  l  .;  ue  ,  is  cut  rt>nt  1,  under  l  n  ve  t  i  ia  t  i  in . 

'one lo- i pns 

The  results  ;  r  e  1  e  n  t  e  1  here  further  demonstrate  t  tie  power  ?  t  t  t.e  v  V  T  as  a  coherent 
Of  t ical  inter  ferometer ,  ana  our  experiments  show  that  the  telescope  ay  now  te  routinely 
operated  in  this  ,;;r.!  irritation  etticiently  and  reliably.  Coin  pa  r  i  son  ot  irr.aies  of  stars 
unresolved  .at  t  he  dill  taction  limit  o  t  the  M  M  T  with  theoretical  i  mane  intensity 
i  i  s  t  r  l  I  u  t  i  :  n  s  shews  that  the  results  are  indeed  d  i  t  fraction  limited  am  nearly 
alert  at  ion  tree.  The  sufer  riant  star  Alpha  orionis  exhibits  h-jlpha  emission  ext.endinu 
well  I  ever,  d  the  expe'ted  photosjheric  radius  of  the  star  as  well  as  structure  within  tie 
Stella-'  ‘is,. 
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IMAGES  OF  THE  ENVELOPE  OF  ALPHA  ORIONIS 


Jeremy  C.  Hebden,  E.  Keith  Hege,  and  Andreas  Eckart 
Steward  Observatory 
University  of  Arizona 
Tucson 

AZ  85721,  USA 


ABSTRACT.  Two  images  have  been  obtained,  from  observations  made  almost 
two  years  apart,  of  the  H-alpha  chromospheric  envelope  of  Alpha  Orionis 
at  the  diffraction  limited  resolution  of  the  co-phased  Multiple  Mirror 
Telescope.  Significant  emission  out  to  a  distance  of  several  stellar 
radii  above  the  photosphere  is  observed. 


1.  INTRODUCTION 

Several  recent  attempts  have  been  made  to  design  theoretical  models  for 
the  extended  atmosphere  of  the  M  type  supergiant  Alpha  Orionis.  However, 
the  heights  and  thicknesses  of  the  chromosphere  within  a  few  stellar 
radii  of  the  star,  in  the  region  where  the  outward  flow  of  matter  is 
accelerated,  has  been  relatively  unknown.  The  H-alpha  absorption  line 
provides  a  valuable  diagnostic  since  it  is  expected  to  be  formed  in  this 
region.  Using  a  narrow  (1.2&)  H-alpha  filter,  and  the  fully-phased  six- 
mirror  Multiple  Mirror  Telescope  (MMT)  ,  images  were  obtained  of  the  H- 
alpha  chromosphere  of  Alpha  Orionis  at  the  greatest  resolution  available 
for  imaging  at  optical  wavelengths. 


2.  OBSERVATIONS  AND  DATA  REDUCTION 

Differential  Speckle  Interferometry  (DSI)  observations  were  made  using 
the  fully-phased  MMT  (Hege  et  al.  1985)  on  1983  December  16/17,  and 
again  on  1985  November  2/4.  The  observational  and  data  reduction 
procedures  are  discussed  in  detail  by  Hebden  et  al.  (1986)  and  Hebden, 
Hege,  and  Beckers  (1986).  In  order  to  extract  images  of  the  supergiant 
in  the  H-alpha  line,  the  DSI  imaging  technique  requires  a  reconstruction 
of  the  star's  image  in  an  adjacent  continuum  bandpass.  A  well  defined 
photospheric  radius,  R*,  was  found  of  17  m i 1 1 i-arcseconds  (mas)  to  23 
mas,  dependent  on  the  limb-darkening  assumed. 

^  The  Multiple  Mirror  Telescope  Observatory  is  a  joint  facility  of  the 
Smithsonian  Institution  and  the  University  of  Arizona. 
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3.  IMAGES  OF  THE  H-ALPHA  ENVELOPE 


The  images  of  the  H-alpha  envelope  of  Alpha  Orionis  for  the  1983 
December  and  1985  November  observations  are  shown  in  figure  1.  The 
contours  are  plotted  at  intervals  of  approximately  five  percent. 


An  intensity  greater  than  one  percent  of  maximum  is  detectable  out  to  a 
radius  of  about  95  mas,  or  4.5  stellar  radii.  Both  images  exhibit  a 
small  degree  of  asymmetry,  corresponding  to  a  position  angle  of  about 
280°.  The  absence  of  a  distinct  photospheric  limb  suggests  that  the 
optical  depth  in  H-alpha  is  probably  very  large.  The  radial  profiles  of 
the  images  exhibit  a  remarkable  agreement  with  a  Gaussian-1 ike 
distribution,  with  intensity  falling  to  IQ/e  at  2R*  and  Io/10  at  3R*. 
The  size  of  the  observed  H-alpha  envelope  of  Alpha  Orionis  appears  to 
conform  to  estimates  of  the  chromospheric  radius  obtained  from  radio 
observations  (Altenhoff,  Oster,  and  Wendker  1979;  Newell  and  Hjellming 
1982),  and  to  the  theoretical  model  of  Hartmann  and  Avrett  (1984).  A 
quantitative  comparison  of  our  results  and  this  theoretical  model  is 
described  by  Hebden,  Eckart,  and  Hege  (1987). 

This  work  has  been  supported  in  part  by  the  NSF  (grant  AST-8412206). 
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Multiple  mirror  telescope  as  a  phased  array  telescope 
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MM  1  'idiafn.-rt urt-s  us  a  phased  array  and  as  a  roSiereiit  phased  telescope  and  present  a  simple  analysis  of 
the  t  it  .d  tot .  1 1  plain-  ;;eoim  try  tor  coherent  oh-rr\  at  .on.  I  he  phased  operat  ion  of  t  he  MMT  is  important 
n--t  or, Is  i.-r  ohtanvne  hlyh  annular  resolution  hot  also  lor  <  litaiiiinj;  the  higher  detection  sensitivity  which 
rt-'iil's  Iroin  the  heller  disrninmat too  against  the  skv  emission  hackurotind  for  IH  diffraction-limited  im¬ 
ages  full  a  fieri  ore  i  .-ix-lu.-am  i  dill  rail  ii.n  limited  results  for  the  unresolved  source  Gama  Orionis,  the  well 
known  ,  io-e  lijnary  i  apt  1 1 .  i .  and  the  rt-olved  nil  sup  -re  i.n.t  Beteliteuse  <  including  u  diffraction-limited  dif 
letvji! ial  sperkie  ima.ee  ol  the  latter i  are  [iri-sviiii  d  a  -  I'reliramary  demonstration  ol  the  [tot cut ial  capabilities 
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I.  Introduction 

We  tirst  summarize  tin-  experiment*  which  have  used 
the  multiple  mirror  telescope  I.MMl'i  stihapertures  as 
a  phased  array  in  the  optical,  IK,  and  submillimeter 
spectrum  regions.  Those  experiments  exploit  the 
unique,  very  high  angular  resolution  of  the  MMT, 
equivalent  to  t hat  of  a  conventional  telescope  6.86  m  in 
diameter.  Although  not  discussed  here,  operation  of 
the  MMT  its  ;i  phased  array  is  not  only  important  lor 
obtaining  high  angular  resol ut  ion  hut  also  tor  obtaining 
the  high-detection  sensitivity  which  results  from  better 
discrimination  against  t  lit  sky  cmi>sii m  background  for 
IK  diffraction-limited  images.  W  e  then  describe  work 
done  at  optical  frequencies  in  converting  the  MM  T  into 
a  phased  telescope. 

II.  Multiple  Mirror  Telescope  as  Interferometer 

The  MM  T  was  constructed  primartlv  as  a  large 
light  col leet  ing  telesct ipe  for  .o!  rono’nic:i|  rest  , ox  h  on 
faint  objects  in  the  optical  and  IK  >pe<  irum  r.  gions. 
Kxperitm Ms  in  the  past  few  vear>  have  demons!  r;itt  d 
the  potential  lor  using  tin  MMT  lor  high  angular  res- 
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olution  research.  Whereas  its  equivalent  collecting 
diameter  l  =  diameter  of  a  single  telescope  having  the 
same  collecting  area)  equals  4.45  m,  the  MMT  has  a 
resolution  diameter  (=  diameter  of  a  single  telescope 
having  the  same  angular  resolution)  of  6.86  m.  This 
higher  angular  resolution  can,  of  course,  only  be 
achieved  if  t  he  telescopes  are  cophased  and  if  the  earth’s 
atmospheric  effects  are  overcome,  e.g.,  by  speckle  in¬ 
terferometric  techniques. 

Figure  I  shows  a  cross  section  of  the  MMT  aperture 
and  response  in  the  Fourier  plane  or  tu.c)  plane,  (image 
power  spectrum  plane)  when  used  as  a  phased  array. 
The  Ut  ,r  (  plane  response  covers  all  angular  frequencies 
up  to  the  cutoli  frequency  set  hv  the  resolution  diameter 
of  the  MM  T.  Many  of  the  frequencies  also  are  covered 
more  than  once  because  the  MMT  array  is  highly  re¬ 
dundant. 

Figure  'J  shows  a  cross  section  of  a  subset  of  two  (or 
three)  MM  T  apertures.  With  this  subset  one  covers 
only  it  fraction  ot  the  I u.v)  plane,  leaving  large  gaps. 
The  Fig.  2  configuration  is  commonly  called  an  inter¬ 
ferometer.  ( )t her  opt ical  interferometers  exist  with  a 
two  mirror  configurat ion1--  with  base  lines  up  to  40  in. 
Tho-e  configurations  have  a  very  thin  (u , id-plane 
i  ovt  rage,  hut  because  of  their  large  base  line  they  are 
- 1  -  tit-  to  measure  a  single  very  high  spatial  frequency 
a.  act  parameter  (e.g..  the  diameter  of  a  stellar  disk  with 
.111  assumed,  usually  unitorm.  intensity  distribution). 
Bv  changing  the  base  line  and  projection  on  the  sky,  one 
can  improve  the  situai  ion  until  a  full  image  is  synthe¬ 
sized.  as  is  the-  ease,  lor  example,  with  the  very  large 
array  at  radio  wavelengths.  The  MMT  configuration 
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Fig.  1.  Lower  left:  cross  section  of  the  MMT  entrance  aperture 
(vertical  in  figure  is  vertical  on  the  skyi.  Central  figure:  coverage 
in  the  Fourier  transform  plane,  or  (tor)  plane,  at  a  500-nnn  wavelength 
if  the  six  telescopes  are  phased. 


Fig.  2.  As  Fig.  1  hut  when  only  using  two  (or  three)  beams. 


with  three  mirrors,  also  shown  in  Fig.  2,  can  be  used  that 
way  either  by  using  different  triads  of  telescopes  or  by 
having  its  projection  rotate  across  the  sky,  which  is 
possible  because  of  the  altazimuth  mount.  In  contrast 
to  the  interferometer  mode  shown  in  Fig.  2,  we  will  refer 
to  a  device  with  a  (u,r)  plane  as  shown  in  Fig.  1  as  a 
phased  telescope.  We  report  here  experiments  using 
the  MMT  as  an  interferometer  (Fig.  2)  and  as  a  phased 
telescope  I  Fig.  1 1. 


Fig.  Ways  t>!' adjusting  paih  length*  oi  individual  Imnuuv  \.b\ 
longitudinal  translation  nt  the  semndarx  hyperbolic  mirror.-*.  Tin-* 
may  delonis  tin*  image  by  an  intolerable  amount;  H.  In  sideuuv- 
translation  of  beam  combiner  in  two  orthogonal  directions.  Tin- 
allows  phasing  only  for  up  to  three  telescopes;  ( bv  insert  mg  in  each 
beam  two  complimentary  wedges  and  translating  one  with  respect 
to  the  other;  l).  by  separating  the  six  reflecting  surfaces  of  the  beam 
combiner  and  translating/tilting  them.  Drawing  is  not  to  scale 


III.  Cophasing  the  MMT 

The  MMT  has  been  used  at  optical  (0.4-0. 8 -//m),  IR 
(5-gm),  and  submillimeter  (870-gim)  wavelength  regions 
as  an  interferometer  or  phased  telescope.  In  Fig.  8  we 
show  schematically  how  the  relative  path  lengths  are 
adjusted  in  the  various  experiments. 

For  submillimeter  experiments  the  phasing  is  ac- 
complishei  by  longitudinal  translation  (i.e,  focusing) 
of  the  MMT  secondary  mirrors  (mode  A).  Since  the 
Rayleigh  focal  range  for  the  prime  focus,  4 X/-  (primary), 
equals  25  mm  at  A  =  870  /am,  the  change  in  focusing  for 
the  ±2-mm  secondary  mirror  adjustment  needed  for 
cophasing  is  insignificant  so  that  the  phase  sensing  is 
readily  accomplished  by  peaking  up  the  central  inten¬ 
sity  of  an  image  of  a  point  source.  IJlich  et  al.  'A  showed 
the  measured  and  calculated  intensity  distribution  of 
Saturn  to  be  in  good  agreement.  More  recently,  Schulz 
et  al. 4  carried  out  further  successful  measurements  with 
angular  resolution  of  25  of  arc  at  870  jjm,  which  are  ex¬ 
pected  to  yield  important  new  scientific  results.  This 
resolution  compares  favorably  with  the  best  resolution 
obtained  with  any  single-dish  radio  telescope  at  any 
wavelength. 

For  infrared  experiments  the  telescope  path  lengths 
are  adjusted  by  translation  of  the  beam  combiner  (mode 
R).  This  was  done  only  for  two  telescopes"’  so  that  the 
MMT  worked  as  a  two-element  interferometer  causing 
fringes  across  the  stellar  image  when  inphase.  The 
cophased  condition  was  sensed  by  detection  of  the  white 
light  fringe  by  eye  in  the  optical  region.  This  coincides 
with  the  phased  condition  in  the  IR  as  well  because  of 
the  all-reflecting  system.  (The  wedges  used  for  mode 
C  are  normally  not  used  for  IR  work.) 

In  the  optical  experiments  the  path  lengths  have  been 
adjusted  by  focusing  of  the  secondaries  (mode  .4). 
translation  of  the  beam  combiner  (mode  R),  and  relative 
adjustment  of  pairs  of  glass  wedges  (mode  Cl.  Beckers 
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Kiuf  1  Pupil  -luMrin*:  inu-rlVrorneP.-r  pupil  trines.  A  rotational 
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•*ugge>tiM|  in  thi"  vidi«  on  image,  which.  beraiiM*  o|  video  lag  effects, 
i"  an  integration  lor  longer  than  the  fringe  correlation  time  set  by  the 
atmosphere. 


rt  a!.*' :  used  the  Ruddier  rotation  shearing  interferom¬ 
eter  to  obtain  interference  between  two  adjacent  tele¬ 
scope  pupils.  Fringe^  seen  in  low  contrast  due  to  in¬ 
appropriate  video  recording,  cross  the  overlapping  pu¬ 
pils  segment  shown  in  Fig.  t.  The  secondary  focusing 
motions  could  be  used  for  phasing  in  this  experiment 
as  well  since  t  he  interference  occurs  in  the  pupil  plane 
and  is  thus  quite  insensitive  to  out  -of- focus  effects  ( t he 
present  cophasing  systems  not  being  available  at  that 
time).  Detection  o!  the  cophase  condition  was  done 
visually  directly  and  bv  monitoring  the  TV  image  (Fig. 
D. 

For  conventional  speckle  interferometry  in  the  image 
plane,  the  telescope  path  lengths  are  adjusted  Imode  C) 
by  adjust  ing  pairs  , . |  wedges  in  each  of  t  he  six  beams. 
Figure  f>  shows  a  speckle  image  tspecklegramt  so  ob¬ 
tained  with  two  telescopes  showing  the  superposition 
of  the  two  single  telescope  speckle  images  and  the  in¬ 
terference  fringes  resulting  I  mm  the  cophasing.  Figure 
ti  shows  the  corresponding  it/,/  >  plane  result  after 
madding  t  he  pi  >wer  spei  r  ra  ol  100  frames  such  as  Fig. 
■a.  Figures  7  and  >  ,how.  respectively,  the  fringes 
i speckles  now  i  and  i  response  h >r  all  six  beams. 

The  copha se  ci md it  ion  is  detected  by  visual  exami¬ 
nation  ol  the  video  spei  klegranis,  there  being  at  present 
no  instrumentation  tor  on  line  fringe  sensing.  We  just 
watch  the  real  time  v  idci i  di'pla v  produced  by  t he  in- 
teii'ilied  video  speckle  camera."  When  cophasing  the 
entire  teli-si  ope.  adjil't  live  o|  the  -ix  path  lengths 
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Kiri  1"  t  hu-  <hmt*n>i<»iuil  -square  Fourier  modulus*  ft>r  an  unresolved 
M.ir  u-uiri  an  opposite  MM  I  mirror  pair.  The  line  segment  and 
-h.idrd  area  detine  the  integrated  Mgn.il  tabulated  hv  our  fringe 
I'ontrast  detection  algorithm. 

position,  we  sampled  at  the  three  raster  positions.  1’he 
experiment  used  the  Fourier  transformed  results  to 
compare  fringe  contrast  statistics  for  data  sampled  at 
the  top  and  bottom  128  lines  of  the  video  raster  (the 
center  sample  being  redundant).  A  typical  power 
spectrum  profile  is  shown  in  Fig.  10. 

Letting  F  be  the  measured  f  ringe  contrast  for  a  given 
f  ringe  sample,  we  define  an  error  signal  F  as  E  ~  F 
(sample  at  bottom)  -  F  isample  at  top)  for  a  given 
fringe  position.  This  gives  an  estimate  of  how  well 
centered  the  fringes  were  over  the  length  of  the  obser¬ 
vation  (see  Table  1).  The  fringe  error  (sixth  column) 
is  a  visual  estimate  <  ±5  fringes)  of  how  far  on  average 
the  fringes  were  off-center  from  the  raster,  i.e..  the 
distance  in  number  of  fringes  from  the  center  of  the 
image  to  the  region  of  maximum  fringe  contrast.  The 
path  error  column  (visual  estimates  of  the  numbe*-  of 
fringes  by  which  the  maximum  contrast  has  been 
shifted)  provides  the  pat  h  difference  calibration  of  the 
phasing  error.  Thus,  tor  observation  .4,  in  which  the 
f  ringes  were  centered  with  respect  to  the  seeing  distri¬ 
bution,  the  + 10  in  the  fringe  error  column  indicates  that 
the  sample  was  taken  at  a  position  estimated  to  be  ten 
f  ringe  widths  above  the  center  of  the  seeing  distribution. 
The  fringe  system  could  be  cut  -off  center  in  the  sample 
window  due  to  either  poor  centering  of  the  image  or 
phasing  errors  which  offset  the  fringes  on  the  seeing 
distribution.  Visual  estimates  of  the  magnitude  of  the 
offset  could  be  made  in  either  case.  Four  different 
average  path  length  differences  were  investigated. 


The  data  indicate  that  our  algorithm  could  in  fact 
detect  when  the  fringes  were  off  Center  with  respect  to 
the  sampling  positions.  For  observation  A,  the  algo 
rithms  found  F  =  —1.9  indicating  a  stronger  signal  at 
the  top  than  at  the  bottom.  The  sign  of  F  tells  t  he  sense 
is  which  to  make  the  correction.  For  observation  H,  in 
which  the  fringe  error  was  twenty  fringes  low.  F  =  2.1. 
indicating  a  stronger  signal  at  the  bottom.  The  C  and 
l)  observations  showed  similar  results.  We  point  out 
that  statistics  for  the  I)  observation  (the  dimmer  star) 
are  similar  to  those  for  the  brighter  star.  Although  at 
first  surprising,  this  indicates  that  the  statistics  are 
dominated  by  atmospheric  effects  (seeing)  and  image 
motion  (largely  induced  by  telescope  motion  in  this 
experiment)  and  not  by  photon  statistics  for  such 
objects  (m..  <4).  It  is  our  experience  with  other  mea¬ 
surements'  that  this  is  true  for  objects  to  ~ m  =  ti  (if 
seeing  is  —  1  sec  of  arc).  For  fainter  objects,  t  he  photon 
statistics  begin  to  dominate.  In  these  measurements 
the  quantity  F  (sample  position)  is  a  measure  of  the 
mean  number  of  correlated  photons  detected  per  scan 
at  fringe  frequencies,  and  our  ratio  is  normalized  by  an 
arbitrary  (but  constant)  factor. 

Our  contrast -detecting  algorithm  uses  a  linear  ap¬ 
proximation  for  the  noise  bias  determined  at  frequen¬ 
cies  immediately  above  and  below  the  expected  fringe 
frequency  (see  Fig.  10).  I’he  5-m  opposite  mirror  fringe 
spacing  is  12  lines/fringe  at  750  nm  so  that  the  5-m  base 
line  is  at  128/4.2  =  20  in  the  128-point  transform.  The 
algorithm  then  finds  the  average  intensity  at  those 
frequencies  and  determines  a  line  based  on  those  av¬ 
erages.  The  line  is.  therefore,  a  linear  estimator  of  the 
noise  bias.  The  algorithm  then  integrates  between  the 
line  and  signal.  A  fringe  contrast  ratio  is  calculated  I  = 
integrated  signal  divided  by  the  average  value  of  the 
noise  bias).  Note  that  negative  contrast  ratios  are 
possible  because  the  line  may  actually  be  an  overesti¬ 
mate  of  the  noise  bias:  if  a  very  small  signal  is  present . 
our  contrast  may  come  out  negative  because  the  signal 
is  sitting  below  this  arbitrary  line.  The  relative  value 
(difference)  is  nevertheless  valid. 

All  the  data  analysis  was  carried  out  on  a  Z  80  with 
a  Forth  floating-point  FFT.  Fringe  contrast  data  for 
each  fringe  sample  (a  single  pair  of  mirrors  000  sam¬ 
ples)  took  a  whopping  15  min  to  compute.  Hut  the 
important  point  is  that  only  10  sec  (=  BOO  fields/00 
fields/sec)  of  data  were  used  for  each  pair.  For  full 
phasing  of  all  six  mirrors,  five  base  lines  X  2  sample 
pairs  (at  top  and  bottom)  X  BOO  FFTs/sample  pair 
imply  that  a  minimum  of  B000  FFTs  (or  equivalent 
calculations)  will  have  to  be  executed  within  10  sec  for 
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phasing  uf  all  six  telescopes.  These  numbers  are  only 
good  to  a  visual  magrrit  tide  of  ~ti.  For  objects  fainter 
than  that,  photon  statistics  dominate  the  signal,  and 
phasing  time  increases  with  magnitude,  requiring  1  <>< > 
sec  tor  rn  =  H.f>  (which  is  tl.l  times  as  bright  as  a  sixth 
magnitude). 

These  figures  show  that  a  modest  real-time  processor 
which  can  reduce  contrast  computation  times  to  <(id 
psec  (video  line  time),  together  with  longer  effective 
integration  times,  yielding  better  statistics,  would  im 
prove  t  he  sensit  ivity  to  better  t  han  t  he  ±f>  pm  or  so  of 
tins  proof  of  principle  demonstration.  This  experiment 
was  inadequate  to  allow  a  prediction  of  the  ultimate 
i  ophasing  precision  one  might  attain  in  this  wav. 

IV.  Interferometer  Stability 

Visual  observations  of  a  star  image  using  the  TV 
monitor  and  a  large  optical  filter  bandwidth  l\  A,\  " 


a  Kb  easily  allow  fringe  detection  for  stars  up  to  mag¬ 
nitudes  V  -s  1.  With  an  electronic  detector  and  algo¬ 
rithms  such  as  just  described  we  may  gain  several 
magnitudes,  but  the  fact  remains  that  it  will  be  possible 
to  cophase  the  MMT  telescopes  only  on  relatively  bright 
stars.  We  presently  conservatively  assume  that  we  will 
be  limited  In  T  '  X  !t  stars.  To  observe  faint  objects 
we.  therefore,  plan  ( I )  to  go  to  a  nearby  bright  star.  ('_’) 
to  cophase  the  telescope  on  this  star.  I'd)  to  go  to  the 
object  to  be  studied,  correcting  for  flexure  effects.  (41 
to  correct  cont  i minus!  v  t  he  pat  h  lengt  hs  for  flexure  and 
thermal  changes,  and  (a)  to  return  to  the  bright  star 
after  some  time  At  to  check  and  improve  cophasing 
For  reasonable  use  of  the  MMT  as  a  phased  telescope, 
it  is  necessary  that  At  is  long  compared  with  the  time 
needed  to  cophase  t  he  telescopes  and  that  the  correc 
tions  tor  path  lengths  tor  a  offset  can  be  well  mod 
eled. 
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Figure  1 1  shows  the  result  of  an  experiment  in  which 
the  path  length  change  between  the  two  extreme  ver¬ 
tical  telescopes  in  the  MMT  was  measured  as  a  function 
of  elevation  change  while  moving  the  MMT  both  up  and 
down.  The  change  is  very  repeatable,  and  there  is  little 
hysteresis  so  that  apparently  the  path  length  change  can 
he  modeled  to  a  precision  of  ^  It)  pm.  Much  of  the  re¬ 
maining  variation  is  due  to  thermal  changes  in  the  optics 
support  structure  (OSS). 

Figure  12  shows  the  pat h  length  change  Idr  an  hour 
long  sequence  of  observations  for  a  -'tar  in  the  western 
hemisphere.  Most  of  the  change,  shown  in  Fig.  1 1 .  is 
due  to  the  systematic  elevation  change.  The  remaining 
path  length  change  is.  for  a  large  part,  due  to  thermal 
changes  in  the  telescope  which  can  also  be  modeled.  It 
appears  from  Fig.  12  that  even  without  further  me 
chanical  improvement,  and  with  a  simple  open  loop 
model  for  the  elevation  change  ot  path  length,  we  can 
control  the  path  length  to  pm  over  —  dtt  min.  Further 
tests  are  planned  in  the  future  which  will  include  a 
network  ot  t  hermal  sensors  pin.  ed  across  t  he  ( )SS.  We 
measured  a  path  length  change  due  to  thermal  varta 
turns  of  sii.'i  jjm  °( '.  the  linear  regression  shown  in  Fig. 
Ft.  indicating  that  it  will  be  necessary  to  monitor  the 
OSS  tempera! < ire  to  better  than  n  I  °( ' 

The  -lx  pairs  ot  path  length  i  ompens.it mg  prisms 
i  mode  (  .  Fig  •  t )  are  con t  rolled  liv  an  Aerotcch  system 
including  stepping  motor  drive'  and  pre.  ision  stages 
with  omipiiler  .  out  Tollable  absolute  or  incremental 
positioning  Sun  e  the  .oiitroller  i'  i.impatible  with 
existing  ispare’i  MM  I  telescope  coalignmenl  control 
ill  ter  lac  i'.  it  was  an  e\t  remelv  'I  might  forward  process 
I  o  i  tuple  me  nl  an  open  loop  ( i  >n  I  rol  tor  I  his  <  a  .phasing 
sV'lein  We  determine  tor  eai  h  ot  the  live-  relative 
paths  a  i  hange  ol  path  lengt  h  i  urve  su.  h  as  that  shown 
tor  tel.  -i  n|«s  /.  and  /•  in  fig  I  I  We  lit  a  quadrat  ic 
equal  Ion  to  eat  h  ol  these  live  ctirv  es  and  let  the  com 
|.i  iter  ad  not  the  |  .a  t  hs  corresponding!  v  tor  <  -flanges  in 
elevation  This  -vPi-iii  is  now  implemented,  and  the 
pr.  limmarv  result '  using  it  mil n  ale  I  hat  I  In-  correct  ion ' 


-2C  fjjr>  * 


Ki^  l  i  Path  It-n^lh  tilth  ri-in  »•  i  u- 1  vs  *  »  ii  IrU-st  t  .|m-s  />  .  1 1 1< )  /•.  .1-  t 
t mu  1 1< >n  <»t  t riniu-r.i'  tire  <iil  h-n-iM  *  I  h»-  <la-luti  line  1  urrrx|n  tn<i-  t « • 
*>•'>  M  Ml  < 

implied  by  x  in  Fig.  12  can  indeed  be  achieved  for  all 
five  relative  path  lengths.  We  have  not  yet  added 
thermal  compensation  to  this  system,  hut  plans  to  do 
so  are  under  way 

V.  Instrumental  Isoplanicdy  and  Coherence 
Considerations 

The  telescope  cophasing  system  Hist  described  allows 
us  to  bring  the  six  principal  rays  together  cophased  in 
the  MMT  quasit 'assegrain  focus  /•'.  This  does  not 
imply  that  t  / 1  the  rays  stay  cophased  when  looking  at 
a  star  of  f  the  axis  of  the  telesr ope  (so  that  the  image  is 
translated  off  the  telescope  axisl.  and  (2)  rays  coming 
from  ot  her  points  of  t  he  telescope  pupils  are  cophased 
with  their  principal  rays. 

We  have  analyzed  the  MM  T  optics1'  to  show  that  the 
first  condition  1 1 1  is  met  by  making  t he  angular  con 
verging  ray  geometry,  approaching  the  focus.  F.  match 
the  linear  aperture  geometry  ol  the  telescope.  Since  the 
maximum  edge  to-edge  distance  of  the  six  1  ,H2-m  diam 
MMT  mirrors  equals  ti.H(5  m  I  Fig.  I ).  and  since  the  in¬ 
dividual  telescope  beams  converge  in  F  at  /721  ti.  that 
means  that  the  overall  /  ratio  of  the  MMT  should  he 
I  K  .'t!)  =  :!!.()  x  I X2/ti.Stil.  With  this/ ratio,  the 

white  light  fringe  crossing  the  superimposed  images  of 
an  unresolved  star  stavs  centered  on  that  image  as  the 
telescope  is  pointed  shghi  ly  away  from  t  he  star  ( i.e.  as 
t  he  image  is  moved  off  axis).  The  small  change  in  I  he 
/  ratio  I  rom  t  he  original  / 7ft  cold  igu  rat  ion  of  t  he  MMT 
is  presently  accomplished  by  a  small  1 1.7  cm  (O.ti-in.)] 
raising  <>|  the  tertiary  mirrors  and  a  small  adjustment 
in  the  lilt  in  1°)  ot  these  mirrors 

The  second  condition  i  2i  also  analyzed  by  Beckers  cl 
ul  '  is  automat  u  ally  I  (drilled  in  the  focal  plane  of  a  single 
perfect  telescope.  The  focal  planes  of  the  six  beams  are, 
however,  titled  with  respect  to  one  another  so  that  the 
average  local  plane  ot  t  lie  \1M  F  ( t lie  plane  at  right  an 
gles  to  the  overall  telescope  axisl  deviates  from  the  in 
dividual  final  plant's  bv  2  7"  As  long  as  the  distance 
he!  ween  t  he  planes  is  less  l  hail  1  he  Kav  Icigh  focal  range 
l  i  27/  or  t  1  mm  at  7tMt  nm  and  i  I M  mm  at  7  am t.  t he 
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Kig.  15.  Tilted  local  planes  <W  two  single  trlrsrnpt*'*  Aiuvui  with 
releretne  to  thi  detector  local  plane,  which  is  tin-  mean  local  plain- 
tor  all  telescopes.  /'is  at  the  focus  ol  t  he  principal  ray  for  an  mi  a\w 
image.  A  and  H  are  focal  points  at  the  center  and  edge.  respect  iveU. 
in  a  seeing  limited  off  axis  image 
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phase  <)  i  He  rone  between  the  central  and  edge  rays  of 
the  pupil  equals  less  than  a  quarterwave.  This  corre¬ 
sponds  to  a  diameter  of  the  instrumental  isnplanatie 
Held  ut  view  ut  Hi  t  sec  of  arc  at  .MX)  nm  and.  in  IH,  Hell) 
sec  ut  arc  at  ■">  am  Over  the  so-called  atmospheric 
isnplanatie  patch  at  M)0  nm  i  ^  1  sec  ul  arc),  the  maxi 
mum  phase  difference  is  A  Hill,  much  less  than  the 
differences  introduced  hv  the  atmosphere  and  hy  other 
tele>co|)e  imperfections.  so  that  the  final  plane  tilts  have 
a  negligible  effect  on  cophasing.  II  desired,  however, 
these  tilts  can  he  removed  hy.  for  example,  the  scheme 
described  hy  McCarthy  cf  al  In  practice  this  is  not 
necessary  Hv  projter  choice  ol  the  fin  al  plane  till  angle, 
the  internal  off-axis  phase  difference  induced  by  the 
tilted  focal  planes  can  he  made  to  compensate  exactly 
the  phase  difference  ut  the  off  axis  plane  wave  incident 
across  the  telescope  pupills). 

f  igure  I  t  summarizes  the  analysis  ol  the  off  axis 
condition  <  I  i  The  condition  which  has  to  In-  met  is  that 
the  path  difference  m  the  central  ravs  for  an  oft  axis  star 
outside  the  telescope  i i>  ll  t  equals  the  path  difference 
between  the  ru\ '  converging  to  the  common  plane  h 
inside  the  teles«.ipe  The  local  planes  ol  each  ol  the 
telescopes  are  shown  as  dashed  lines  in  Fig.  I  I.  whereas 
the  image  plane  is  shown  as  a  lull  drawn  Inn  The  path 
difference  tor  the  oil  axis  star  inside  the  telescope  is, 
therefore.  JoA  It  he  effective  local  length  of  the 
telescopes  equals  h  .  then  -A  =  "I-  and  J. .  =  [IF  The 
beam  i  one ergem  e  i /  ratio)  o|  each  teles<  i ipe  is  .1  rad  = 

I  I  -  1  i  I  ti  so  t  hat  co  i  id  it  ion  i  I  i  is  met  h\  making  Jo 
-  I>  'I  I  bis  means  that  t  lie  angular  i  onvergent  ra\ 


geometry  in  the  image  plane  must  he  mapped  into  the 
linear  aperture  geometry. 

The  same  condition  has  to  preserve  not  only  the 
overall  geometry  of  the  MMT  aperture  hut  also  the 
point-to-point  geometry  as  well.  We  have  analyzed  the 
detailed  effects  of  the  tilted  focal  planes  on  the  non 
principal  rays.  Condition  <2!  is  met  exactly  for  the 
principal  rays  for  both  on-axis  and  oil-axis  objects.  We 
can  show  that  condition  rJt  is  also  met  with  sufficient 
precision  for  nonprincipal  rays  by  referring  to  Fig.  In. 

Figure  I '»  shows  an  off-axis  focal  plane  analysis  of  a 
seeing-limited  image.  N  =  seeing  diameter.  A  is  the 
principal  ray  at  t  he  center  of  t  he  seeing  dist  ri hut  ion.  and 
fi  is  a  ray  at  the  edge.  HA  -  N/'J.  Subscripts  I  and  de¬ 
note  rays  from  two  telescopes  converging  in  their  re 
spective  focal  planes.  Clearly  the  cophasing  condition 
1 1 )  will  assure  that  the  path  lengths  for  all  wavelengths 
are  equal  at  l‘.  (The  white-light  fringe  is  centered.) 
The  off  axis  principal  ravs. -I,  and  which  superim¬ 
pose  in  the  detector  focal  plane  at  t,  are  properly  phase 
compensated  t white  light  fringe  also  centered)  if  the 
geometric  condition  tj)  is  satisfied.  It  remains  only  to 
investigate  the  effects  due  to  the  phase  errors  for  the 
nonprincipal  rays  wit  hin  1  he  seeing  dist  ribut ion.  The 
path  length  error  at  the  edge  of  i  ht-  seeing  disk  is  A />  = 
J,  =  No.  hut  Jo  =  am  F  and  S  =  /•'/_’  x  H)  lor  I  sec  of 
arc  seeing.  Thus  A/>  =  Until 

Note  t hat .  just  as  t he  internal  path  difference  at  .1 1 
compared  with  /'  is  matched  by  the  external  path  dif¬ 
ference.  this  path  difference  is  also  compensated  by  the 
external  path  difference  The  only  effect  is  the  dif¬ 
ference  in  phase  fur  the  light  ot  different  wavelengths 
transmitted  in  a  finite  bandpass  traversing  this  distance. 

I  his  coherence  condition  sets  an  upper  hound  (seeing 
dependent  I  on  the  observ  ing  bandpass  Let  us  require 
I  hat ,  for  negligible  loss  of  coni  rasl .  I  his  phase  error  he 
<1  HI  The  condition  tA/i  ■  ,\ ,  t  -  (A/i  A. I  <  1/11) 
implies  thal  AA  <  \  |  jn  ^m  =  J  1  nm  at  MX)  nm, 

I  here  is  also  i  phase  error  associated  with  seeing  1 1  the 
individual  LN:',  m  mirrors  For  a  1  n  m  mirror  n.  ' 
iN  Ji  it/'i.  where  I  =  I  JJA  </  is  t  he  l  individual  I  tele 
sc, ,pe  diffract  ion  limit  Kvaluat mg  this  at  MN)  nm  yields 
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Table  II.  Speckle  Interferometry  of  Capella 
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an  unresolx  able  source.  are  required  lur  conventional 
speckle  interferometry."  Differential  speckle  inter 
feroinet ry1 1  is  sell  ,  alihrating  in  any  case. 

No  detailed  analysis  of  the  relative  amplitudes  at 
particular  frequencies  in  the  I ti.t  I  plane  has  yet  been 
t  arried  mil.  The  part  it  ular  example  shown  here  I  Fin. 
S)  results  from  data  taken  without  even  the  closed doop 
corrections  operating,  so  it  may  he  expected  that  am¬ 
plitudes  representative  of  imperfect  cophasing  max 
predominate  over  of  her  effects  seen  in  this  preliminary 
measurement,  presented  lit  re  as  only  a  qualitative  prool 
ol  principle  of  t hese  interferometer  concepts. 

Vli.  Six-Beam  Optical  Measurements 

Further  qualitative  evidence  of  the  validity  of  this 
interferometer  configuration  is  shown  in  Fig.  16  where 
the  binary  nature  of  Capella  is  seen  as  visibility  minimia 
cross  the  6.86-m  image  power  spectrum,  also  obtained 
without  benefit  of  the  open  loop  cophasing  corrections 
described  above.  From  this  10-nm  bandpass  mea¬ 
surement  at  7 fit)  m  we  infer  a  separation  of  components 
ol  -  !.f>  times  the  diffraction  limit  the  second  visibility 
minimum  occurs  just  as  the  power  spectrum  cutoff 
frequency.  Table  II  shows  the  observed  positional 
parameters  together  with  those  accurately  known  from 
the  well-determined1'  orbital  parameters. 

In  the  l.alteyrie1 11 1  method  of  speckle  interferometry 
the  relative  intensity  value  is  obtained  by  calibrating 
the  image  power  spectrum  (shown  for  Capella  in  Fig.  16) 
by  dividing  it  by  the  image  power  spectrum  for  an  un¬ 
resolved  object  (shown  for  d  Tau  ii.  Fig.  81,  both  cor¬ 
rected  for  noise  bias.  If  the  speckle  MTFs  for  both  of 
these  measures  were  identical  (including  seeing  effects), 
this  would  have  produced  the  square  of  the  2-1)  visibility 
for  this  binary  object.  The  2-1)  result  is  shown  in  Fig. 
IT.  The  nonuniform  appearance  of  the  fringes  repre- 
sents  the  effects  of  errors  in  the  point -source  MTF 
calibration  in  this  very  preliminary  result. 

For  a  binary  star,  the  intensity  distribution  /tut 
across  the  fringes  is  I(u  )  =  < / ,  +  /  )  +  2\  / ,/^cost 2w tut  I 
with  fringe  visibility  V  given  by  C  =  2 \  7 , /■'(/,/  I 
The  cross  fringe  intensity  function  was  obtained  hv 
rotating  the  fringe  pattern  shown  in  Fig.  1  7  so  that  the 
fringe  minima  were  parallel  to  the  raster  columns  and 
then  summing  columns  oxer  the  central  (2  rows  in  the 
ni  .i  i  plane  This  ellci tivclv  averaged  the  data  along 
the  I  rmges.  A  least  squares  tit .  .A  •  cost  2:r/»u  I  +  H.  to 
t  hat  averaged  data  gives  V  =  ,\  /i.  which  can  be  solved 
tor  t  lie  intensity  rat  to  >  i  =  /  /  , .  rep,  >rted  as  a  mag  ill  t  tide 
diltercn,  e  in  Table  II  The  nnxiel  fit.  together  xxith  the 
axeraged  intensity  distribution,  is  shown  in  Fit;  IS 
Sx  '!  i  mat  n  depart  ores  I  rum  t  he  ex  peeled  cosine  eurve 
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REAL  TIME  SIGNAL  PROCESSING  REQUIREMENTS  FOR 
DIFFRACTION  LIMITED  OPTICAL  IMAGING 

E.  Keith  Heg<-'  and  Julian  C.  Ohristou 
Steward  Obsi't  vatory 
University  of  Arizona 

Abstract 

Diffraction  limited  optical  image  ,.i  now  he  produced  using  large 
ground- -based  astronomical  telescopes.  This  is  qc.  ■■  new,  with  convincing 
validation  being  achieved  only  in  the  past  year.  The  mmputat lona 1 
requirements  necessary  to  implement  this  capability  for  routine 
observations  already  challenge  the  capacity  of  present  supenn i n i computers . 
Extension  'o  larger  telescopes  will  requite-  super  computer  suppor  t  from  the 
beg  i  ntt  r  ng  . 

Int  roduct l on 

In  the  present  context  the  term  "optical"  is  used  for  wavelengths 
shorter  than  those  for  which  conventional  radio  techniques  are  applicable. 
The  short  wavelength  optical  l  unit  is  that  at  which  the  atmospheric 
correlation  time  becomes  so  short  that  the  calibration  problem 

becomes  intractable.  At  present  the  limit  is  unknown.  but  appears  to  be 
about  400  nm  where  the  correlation  time  t  is  1  to  10  milliseconds. 

Although  the  promise  of  astronomical  studies  with  diffraction  limited 
detail  came  m  Labevrie’s  1970  proposal  for  speckle  interferometry,  the 
reality  of  validated  diffraction  limited  astronomical  images  is  a  recent 
achievement.  The  optical  image  reconstruction  problem  is  primarily  a  phase 
calibration  problem.  The  original  Labeyrie  method  yields  visibility 
functions  amplitudes!,  but  all  phase  information  is  lost.  In  tackling  the 
phase  problem,  three  approaches  have  evolved:  i)  blind  phase  reconstruction 
Fu-nup  1978,9  and  Bates  ;ind  Fright  1983)  constrained  by  amplitudes  alone, 
ii  phase  retention  i Knox  and  Thompson  1974,  the  original  sh l f t -and-add 
methods  of  Lynds,  Worden  and  Harvey  1976  and  of  Bates  et  a  1 .  1980,  Walker 

1981  a  phase  encoding  exponential  filter,  Bates  1985  zero-and-add,  and 
Aitken  et  al.  1985  phase  gradient)  in  which  phase  information  is  retained 
at  each  processing  step,  111)  shearing  interferometry  in  which  phases  are 
measured  directly  (Roddier  and  Roddier  1983)  and  iv)  phase  self-calibration 
methods  in  which  seeing  effects  are  removed  without  reference  to  a  point- 
source  calibration  ( Lohmann  et  al.  1983  speckle  masking  triple  correlation 
method,  and  Christou  et  al.  1986a  weighted  shi ft-and-add) . 

‘Visiting  Astronomer  at  Kitt  Peak  National  Observatory,  operated  by 
Natioinal  Optical  Astronomy  Observatories  under  contract  to  National 
Science  Foundation. 

2 The  Multiple  Mirror  Telescope,  also  used  for  3ome  observations  reported 
here,  is  a  joint  facility  of  the  University  of  Arizona  and  the  Smithsonian 
Inst ltution. 


The  principal  efforts  have  been  at  Harvard  ( Papa  1 1 ol 1  os  et  al.  1985 
and  Nisenson  et  al.  1985)  with  the  Knox -Thompson  algoritlim,  at  Erlangen 
(Weigelt  et  al  .  1985)  using  the  triple  correlation  technique  they  call 

speckle  masking,  at  Nice  (Roddier  and  Roddier  1983)  with  shearing 
interferometry  and  at  Arizona  ( Hege  et  al.  1985b)  with  weighted  shift  -and 
add  and  a  promising  matched  filtered  extension  of  that  non  line.u 
deconvolution  method  (Ribak  1988). 

Phase  reconstruction  from  amplitudes  alone  is  not  unique,  even  though 
Bruck  and  Sod in  (1979)  have  shown  the  ambiguity  problem  to  be  less  sever" 
in  3-[)  than  in  1-D.  Because  of  lack  of  convincing  theory  of  why  it  should 
work  and  because  there  has  been  no  quant i tat l ve  analysis  of  its  robustness 
to  measurement  noise,  Greenaway  (1985)  notwithstanding,  tin*  phase-blind 
approach  has  not  found  favor. 

Perhaps  the  best  known  phase  retention  algorithm  is  that  of  Knox  and 
Thompson.  It  is  certainly  among  the  best  understood  theoretically. 
However,  experience  has  shown  the  method  to  be  very  sensitive  to  detector 
systematics  -  particularly  to  photon  noise  bias  (Nisenson  et  al.  1983  and 
Papal lolios  et  al.  1985)  and  expecially  so  if  the  photon  PSF  is  not  a 
de i ta- funct ion  (our  experience). 

.Among  the  most  promising  approaches  are  those  which  are  self 
calibrating.  Both  the  Knox-Thompson  and  the  original  sh l f t -and-add  methods 
require  calibration  by  independent  observations  of  point  source  references. 
This  presents  another  problem  since  the  seeing  statistics,  due  to  the  high 
variability  of  optical  seeing,  may  make  the  calibration  data  a  poor  match 
to  the  object  data  (Christou  et  al.  1985a).  Therefore  the  recent  promis" 
of  the  triple-correlation  method  and  the  matched-fi ltered,  weighted-shift 
and-add  method  is  very  attractive.  Unfortunately,  this  sel f-cal ibrat ion 
does  not  come  easy;  it  requires  an  increase  in  computation  of  up  to  an 

order  of  magnitude  or  more.  The  triple  correlation,  for  example,  increases 
the  3-D  image  problem  into  a  4-D  computational  problem. 

Computational  Implications  of  Recent  Results 

There  are  several  objects  with  physically  significant  resolvable 
structure  (other  than  binary  stars)  at  the  limited  resolutions  achieved 
with  3  to  5  m  class  filled  (conventional)  optical  apertures. 
Specifically,  there  is  enough  to  be  useful  for  valildation  of  optical  imag" 
recons t ruct l on  and  sel f-cal ibrat ion  methodology  as  well  as  enough 
astrophysics  to  whet  one’s  appetite  for  the  larger  optical  apertures 
planned  for  the  near  future. 

The  advent  of  high-quantum  efficiency,  low-distortion,  photon-counting 
imaging  detectors  (e.g.  Papal lolios  et  al.  1985)  proved  to  be  crucial  to 
the  implementation  of  Knox-Thompson  methods.  On  the  other  hand,  experience 
with  shi ft-and-add  methods  indicates  that  such  methods  are  less  sensitive 
to  detector  artifacts  (Christou  et  al  1985b).  In  either  case,  considerable 
post -processing  is  required  to  produce  the  best  possible  data-  and 
telescope-1 imited  images. 

Knox-Thompson  results  are  characterized  by  non-physical  negativities 
and  other  aapliltude  non-linearities  which  can  be  suppressed  by  Fienup 


Shi  ft- and-add  results  contain  the  telescope  point  spread  function. 
Point  source  observations  are  required  to  calibrate  the  observing  beam.  In 
this  case ,  CLP  AN  or  Maximum  Entropy,  as  used  in  radio  imaging,  produce  good 
resu Its. 

The  good  seeing  calibration  (sky  background  is  flat)  and  diffraction 
limited  PSF  (Airy  responses  are  seen  in  both  figs.  1  and  2.  Figure  3  shows 
qualitative  agreement  of  the  H-alpha  and  Call  (8542)  radial  image  profile 
with  that  predicted  by  Hartmann  and  Avrett  (1984)  assuming  a  flux  of  Alfv£n 
waves  sufficient  to  drive  an  outflow  of  10~6  solar  mass  per  year  and  using 
electron  densities  from  radio  measurements.  We  see  significant  deviations 
at  about  3-4  stellar  radii  which  could  be  evidence  of  increased  outflow  of 
matter  at  an  earlier  epoch.  This  may  relate  to  variations  in  visibility 
profiles  which  Roddier  et  al.  (1986)  have  shown  to  relate  to  fluctuations 
in  photometric  intensity  and  which  can  be  interpreted  as  signifying  a 
variability  in  mass  outflow. 


Figure  3.  Observed  radial  profiles  of  Alpha  Orionis  compared  to  models 
computed  by  Hartmann  and  Avrett  (convolved  to  resolution  of  observation). 

Observations  at  all  bandpasses  showed  evidence  for  excess  emission  at 
about  2R*  (i.e.  at  ~42msa)  which  agrees  with  the  0'.'08  dia.  2cm  VLA  images 
reported  by  Hjellming  (1985).  Figure  4  shows  the  residuals  of  our  image 
data  when  limb-darkened  stellar  disk  images  (Cheng  et.  al.  1986)  are 
subtracted.  In  all  cases  excess  activity  is  seen  at  about  2R» . 
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Figure  4.  Residuals  to  limb-darkened  Alpha  Orionis  disk  profiles. 


What  are  the  figures? 

Optical  image  reconstruction  is,  as  it  is  for  radio,  Fourier  transform 
intensive.  Unlike  radio,  however,  present  optical  interferometry 

integrates  the  correlated  optical  signal  (specklegram)  in  an  image  plane 
detector.  The  bandwidth  driver  in  the  optical  case  is  the  short  0(10~2)s 
atmospheric  correlation  time  t.  The  number  of  speck legrams  required  is  the 
total  integration  time  T,  typically  0(103)s,  divided  by  the  correlation 
time  t:  N  =  T/t  =  0(105).  At  minimum,  the  seeing  distribution  must  be 
Nyquist  sampled  at  the  optical  diffraction  limit.  This  sets  the  maximum 
detector  pixel  scale  d.  At  maximum  the  field  of  view  P  extends  to  the 
isoplanatic  limit.  For  this  argument,  both  are  order  of  magnitude  1  arc- 
second  (minimum).  At  400  nm  for  a  5m  class  telescope,  the  number  of  pixels 
per  specklegram  n  =  (P  /  d)2  =  (1  /  .01)2  =  104  .  Each  specklegram  must  be 
Fourier  transformed  #ft  times.  For  calibration  of  detector  response  and 

other  preprocessing  there  are  #fp  additional  floating  point  operations  to 
be  performed.  An  estimate  of  the  total  number  of  operations  to  be 
performed  can  be  given  as 

#0ps  =  N  {  #ft  n  log(n)  +  #fp  n} . 

For  this  estimate,  which  is  intended  as  only  an  order  of  magnitude 

estimate,  neglect  the  additive  term  and  assume  #ft  =  0(1). 

#0ps  =  0{N  n  log(n)} 


#0ps  =  0(105  io«  loglO4)  =  0(10*° ) 


Since  this  is  for  a  real-time  integration  of  103s,  the  real-time  processing 
bandwidth  implied  is  0(lO)MHz  just  for  the  primary  reductions. 

Postprocessing  using  e.g.  the  Fienup  method  involves  0(103)  iterations 
each  with  2  Fourier  transforms.  This  is  a  modest  overhead,  about  12,  by 
comparison.  Other  postprocessing  methods  require  order  of  magnitude 
equivalent  computation.  For  optical  interferometric  imaging,  the 
processing  overburden  is  in  the  primary  amplitude  and  phase  integrations. 

This  is  already  a  significant  demand  on  our  Data  General  MV10000 
superminicomputer.  Typically,  the  primary  processing  expands  0( 30)X  over 
telescope  aperture  time.  Thus,  we  can  reduce  completely  only  0(3) 
nights/year  of  data,  assuming  dedicated  use  of  that  machine.  We  do  not 
have  dedicated  use:  we  share  the  system  with  0(100)  users! 

Self-calibration  implies  orders  of  magnitude  more  computation.  The 
triple  correlation 

{ i(x)  i (x  +  s)}  *  i(x), 

which  Weigelt  (1977)  calls  "speckle  masking",  is  a  Fourier  transform 
(correlation)  on  the  2-D  space  x  for  every  shift  s  which  spans  the  same  2-D 
space  as  x,  a  4-D  problem.  In  recent  publications,  Weigelt  et  al.  (1S83), 
Lohmann  et  al .  (1983),  Bartlett  et  al.  (1984)  and  Wirnitzer  (1985)  have 

refined  and  validated  this  imaging  technique.  This  method  requires  the 
computation  of  the  bi-spectrum  (Fourier  transform  of  triple  correlation) 
for  each  speck legrara.  The  bi-spectrum  is 

B(p,q)  =  Kp)  I(q)  I(-p-q) 

where  1(f)  is  the  Fourier  transform  of  the  specklegram  i(x)  at  spatial 
frequency  f.  Redundant  information  (symmetries)  in  the  bi-spectrum  for  the 
one  dimensional  case  (Bartlett  et  al.)  requires  that  only  r2/16  floating 
point  operations  (multiplicative)  are  required  for  each  specklegram  (r  = 
no.  of  elements  in  the  1-D  array).  Expanding  this  to  two  dimensioinal 
arrays,  this  then  implies  0(r2/16)2  "flops"  will  be  required  for  each 
specklegram,  assuming  similar  symmetries.  Note  that  r2  =  n  =  (P/d)2  and 
that  this  does  not  allow  for  oversampling  of  the  diffraction  limit  (as  is 
usual  for  good  detector/aperture  calibration).  A  reasonable  estimate  is 

#Ops  =  0(n/16)2  log(n)  per  frame 

which  implies 

#Ops  =  105  106  loglO4  =  0(1012), 

or  0(l)GHz  Ops  for  real-time  realization,  which  clearly  approaches 
supercomputer  capabilities. 

The  matched-filtered  weighted  shift-and-add  does  not  make  such  great 
computational  demands.  It  is  an  iterative  procedure  which  may  take  0(10) 
iterations  to  converge  so  that  the  existing  modest  problem  is  0(100)MH z, 
computed  as  above. 


7 

2  7  4 


These  have  been  very  conservative  estimates.  We  have  recently  begun 
to  use  the  cophased  Multiple  Mirror  Telescope  (MMT )  for  diffraction  limited 
imaging  (Hege  et  al  1985a).  A  more  realistic  calculation  at  NWT  resolution 
(d  =  .005  arcsec)  over  the  isoplanatic  (patch  P  =  2  arcsec)  requires  n  = 
0(  10s )  pixels,  another  order  of  magnitude  increase.  This  easily  gets  us  to 
100MHz  to  keep  up  with  aperture  integration  time,  considering  9Qly 
conventional  approaches .  Self-calibration  techniques  require  another  factor 
of  10  to  100,  or  more,  depending  upon  method. 

Differential  Speckle  Imaging  (Beckers  1982,  Hebden  et  a 1 .  1985)  is  a 
self-calibrating  technique  in  which  specklegrams  obtained  simultaneously  in 
a  single  detector  field  are  compared  to  reveal  image  differences.  A 
significant  elongation  within  the  diameter  of  the  stellar  disk  as  well  as 
evidence  for  H-alpha  emissions  extending  to  - lOOmsa  is  seen  in  fig.  5. 


50  msa 
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Figure  5.  Differential  images  of  Alpha  Orionis  obtained  at  two  different 
paralactic  angles  compared  to  similar  result  for  unresolved  (PSF  =  15msa) 
Gamma  Orionis. 

I 

Our  results  (figs.  1-4)  were  presented  to  demonstrate  the  state  of  the 
art  of  red  supergiant  imaging  using  optical  imaging  and  (fig.  5)  optical 
aperture  synthesis  interferometric  techniques. 

Where  are  we  headed?  The  Keck  telescope,  at  12  m,  requires  d  =  .003 
arcsec  pixels,  for  Nyquist  diffraction  limited  sampling,  which  pushes  n 
near  to  106  .  The  NNTT,  at  22  m,  pushes  n  well  over  106 ,  clearly  taking  the 
problem  to  the  (multi )GHz  domain  where  supercomputers  are  required. 
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Conclusions 


Tin?  bottom  Lino:  Whether  conventional  techniques  with  post  processing, 
u  the  newer  self  calibrating  techniques  (especially  triple  correlation, 
U"  used,  the  computational  overburden  in  removing  the  seeing  nuisance  is 
enormous.  We  emphasize  nuisance  and  the  difference  between  nuisance  and 
limitation.  This  is  important  in  decisions  about  what  we  attempt  to  do 
tiii m  the  ground  (transcending  nuisance)  and  what  can  only  be  done  from 
ipuce  transcending  physical  limitation).  Although  the  computational 
iverbur Ten  is  enormous,  evidence  suggests  that  with  supercomputers  we  can 
compute  away  a  considerable  amount  of  atmospheric  nuisance  at  a  cost  far 
loss  than  that  of  the  launching  and  operation  of  a  space  effort. 

W>-  already  have  ground  based  images  (e.g.  fig.  5)  which  exceed  the 
resolution  of  space  telescope  by  a  factor  of  2.5  (6  in  number  of  resolution 
elements).  If  Space  Telescope  identifies  higher  resolution  problems  which 
can  hi?  done  from  the  ground,  then  they  should  be  done  from  the  ground.  But 
at  millisecond  of  arc  resolution,  a  supercomputer  will  be  required  as  part 
of  smii  a  cost  effective  ground-based  imaging  system. 
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Abstract 

Speckle  Interferometry  has  now  been  shown  capable  of  yielding  diffraction  limited 
information  on  objects  as  faint  as  visual  magnitude  16.  Research  in  progress  at  Steward 
Observatory  is  aimed  at  improving  (a)  the  resolution,  (by  using  the  Multiple  Mirror 
Telescope  with  its  6.9  meter  baseline),  (b)  the  accuracy  of  the  derived  results  (by  imple¬ 
menting  better  recording  devices  and  reduction  algorithms),  and  (c)  the  efficiency  and 
speed  with  which  the  information  can  be  provided  (by  means  of  high-speed  digital  signal- 
processing  hardware). 

The  instrumentation  proposed  here  will  improve  spatial  resolution  at  visible  wave¬ 
lengths  to  approximately  15  m i  1 1 i ar c-seconds  (75  x  10  radians,  the  best  possible  for  any 
existing  telescope),  reduce  detector  induced  image  distortion  to  less  than  1%  and  Increase 
the  throughput  to  essentially  real-time  complex  Fourier  transform  amplitude  and  phase 
integrations  at  the  telescope. 


Introduction 

Speckle  interferometry1-3  is  a  post-detection  image  processing  technique  for  producing 
diffraction  limited  images  using  large  astronomical  telescopes  in  the  presence  of  Earth's 
turbulent  atmosphere  which  otherwise  limits  the  imaging  resolution. 

Since  1978  the  basic  design  of  the  Steward  Observatory  digital  video  speckle  camera  has 
evolved,  as  reported  in  a  series  of  publications  4  7 ,  to  comprise  three  basic  subsystems: 
a)  video  digitization  of  an  intensified,  magnified  focal-plane  image;  b)  Fourier  transform 
(or  vector  autocorrelation)  signal  processing;  and  c)  image  analysis  to  produce  the  final 
interpreted  results  of  speckle  interferometry.  Experience  gained  with  these  systems  has 
shown  the  need  for  further  refinements  of  these  basic  elements.  a)  Improved  detectors  are 
required  to  provide  better  spatial  resolution  and  geometric  fidelity  as  well  as  better 
linearity  and  dynamic  range;  b)  real-time  signal  processing  is  required  to  permit  the 
primary  data  compression  to  be  accomplished  at  the  telescope  while  the  observations  are  in 
pro-gress;  and  c)  image  processing  systems  (in  addition  to  general-purpose  computational 
capabilities)  are  required  to  efficiently  reduce  the  speckle  interferometric  results.  This 
basic  speckle  Interferometry  system  design  is  shown  schematically  in  Figure  1. 

The  present  realization  of  this  camera  6,  consisting  of  first  generation  electrostatic 
Inverters  (4  stages  of  Varo  8605),  a  plumblcon  camera  and  a  Grinnell  digital  video  memory 
system  for  video  digitization  and  general-purpose  minicomputers  of  very  limited  capabl 1 1 t les 
(Data  General  Nova  class)  for  both  the  signal  processing  and  the  image  processing  functions, 
has  been  applied  successfully  to  observations  of  asteroids  ,  the  Pluto-Charon  system  9  and 
the  15™..7_pso  PG115+080  10  as  well  as  to  observations  of  bright  supergiants  11-13  and  binary 
stars  1  -15.  These  observations  and  results  have  revealed  both  the  capabilities  and  the 
limitations  of  this  system.  Among  the  demonstrated  capabilities  are  included  a)  observa¬ 
tions  of  structure  as  faint  as  mv»18  in  an  mv»16  system10^  Js)  obser-vat ions  of  structure  at 
the  diffraction  limit  of  the  Multiple  Mirror  Telescope13’76,  c)  astrometric  observatlons8- 
'  and  d)  mapping  of  faint  envelopes  around  bright  supergiants12. 

Among  the  limitations  of  this  system,  the  most  severe  are  a)  detector  limitations 
including  large  geometric  distortions,  limited  linearity  and  low  dynamic  range;  b)  extremely 
limited  signal  processing  throughput  in  which  the  prirary  signal  processing  time  ranges  up 
to  100  times  that  required  for  the  observations  at  the  telescope;  and  c)  no  special  purpose 
array  processing  capability  for  image  analysis.  We  anticipate  upgrading  of  observatory 
computational  capabilities  to  Include  array-processing  image  analysis. 


The  Multiple  Mirror  Telescope  is  a  joint  facility  of  the  University  of  Arizona  and  the 
Smithsonian  Institution. 
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Figure  1.  The  Digital  Speckle  Interferometry  System. 

It  is  the  purpose  of  this  paper  to  propose  instrumentation,  specifically  detectors  and 
real-time  Fourier  signal  processors,  to  aleviate  limitations  of  present  detectors  and  signal 
processors,  in  order  to  a)  exploit  the  75  nanoradian  (15xl0~’  arc  seconds)  full  resolution 
of  the  Multiple  Mirror  Telescope1  over  a  distortion- free  field  at  least  10  microradians  (2 
arc  seconds)  square,  and  b)  provide  the  required  primary  signal  processing,  with  at  least 
256-pixel  resolution  in  each  direction,  in  real  time  at  the  telescope. 

Detector  Requirements 

Experience  with  our  present  intensified  plumbicon  video  system6,  together  with  evidence 
from  other  workers18,  estab-lishes  rather  strong  criteria  for  detector  performance.  In 
order  to  have  single-photon  detection,  detector-lag  elimination5  is  required  to  remove 
f r ame-to-f rame  correlation.  This  can  be  accomplished  by  frame-subtraction6  for  analogue 
detection  or  video-raster  even t- local l za t t on  schemes',  as  shown  in  Figure  2.  Event- 
localization  using  newly  developed  time-tagging  detector  readout  schemes1^'^  are 
intrinsically  lag-free.  For  bright-object  work,  these  readout  systems  must  be  highly  linear 
and  have  a  large  dynamic  range  (at  least  8-bits  deep  for  analogue  intensities)  or  very  fast 
(10b  events/sec  for  pho t on- coun t i ng  schemes).  For  astrometric  work,  or  for  multiple 
specklegram  differential  work1  ,  very  low  geometrical  distortion  (less  than  one  pixel  in  a 
512  x  512  primary  raster)  is  required. 

Proximity  focused  electrostatic  image  in t ens i f 1 ers2 1 ,  configured  in  a  system  with 
sufficient  gain  for  good  photo-electron  pulse  discrimination,  as  represented  schematically 
in  Figure  3,  provide  greatly  improved  geometrical  fidelity  and  geometrical  stability 
compared  to  either  electrostatic  inverters  or  magnetic  focused  devices.  High  quantum 
efficiency  (>20%)  and  low  dark  current  (<l!!e.cm'  .sec"  at  -30C)  are  required  in  order  to 
obtain  useful  specklegrams  of  my'15  or  fainter  objects,  although  these  levels  of  dark- 
emission  are  difficult  to  achieve  for  proximity  focused  devices  with  good  red  response. 
Also,  very  fast  (1  microsecond)  output  phosphors  are  required  if  event  detection  at  106/sec 
is  to  be  achieved. 

The  geometrical  fidelity  and  stability  and  the  linearity  and  dynamic  range  of  the 
system  cannot  be  better  than  that  of  the  image  intensifier  readout  system  This  immediately 
rules  out  electron-gun  video  systems  in  the  changing  environments  of  an  instrument  mounted 
on  an  astronomical  telescope.  Solid-state  (CCD  or  Photodiode)  cameras22,  as  well  as  the 
event  localizing  schemes  noted  above,  appear  to  meet  the  requirement  that  the  performance  of 
the  primary  detector  (the  first  stage  image  intensifier  photocathode)  not  be  degraded. 

Although  the  majority  of  speckle  Interferometry  to  date  has  used  exposures  of  20- 
50m  1  1 1 1  second s  (we  typically  use  33ms  as  defined  by  the  30Hz  video  framing  rate),  we  have 
experienced  atmospheric  conditions  on  many  occasions  when  speckle  interferometry  could  not 
be  effectively  accomplished  with  exposures  greater  than  1  to  10ms.  In  this  case  rapid 
shuttering  with  frame-subtraction  (with  subsequent  loss  of  duty-cycle  in  a  standard  video 
raster  scheme),  or  time  tagging  schemes  (with  sub-sequent  Increase  in  specklegram  rate)  are 
required.  The  1 1  m  e- tagg  ing  ,  pho  toe  1  ec  t  ron-  1  oca  1  1  za  1 1  on  schemes  of  Timothy  e_t  a  1 .  and 
Papallolios  at  al.  appear  very  attractive  as  means  of  Introducing  variable  (and  therefore 
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opt im 1 zable)  frame  rates.  However,  particularly  for  short  correlation  times,  this  places 
even  greater  demands  upon  subsequent  signal  processor  bandwidths.  It  may  be  desirable  to 
have  both  time-tagging  and  conventional  video  detectors. 

Our  experience  with  analogue  video  data-logging  has  also  revealed  severe  limitations, 
both  in  dynamic  range  and  bandwidth  of  U-matic  3/4inch  video  cassette  recorders.  This  same 
experience  has,  however,  proven  the  value  of  archiving  the  primary  data  domain,  which  should 
be  preserved  even  as  on-line  data-reductlon  capabilities  are  Implemented.  Archived  data  can 
subsequently  be  reduced  by  different  algorithms  to  extract  different  information  (or  to 
correct  prior  procedural  or  parametric  errors}  if  it  is  preserved  in  its  original  form. 

Since  certain  aspects  of  the  data  reduction  process  are  applied  to  nearly  all  data  sets 
(complex  FFT ,  co-addition  of  power  spectra  or  autocorrelation  functions,  co-addition  of 
image  phases  or  phase  differences,  co-addition  of  centroided  frames),  we  considered  the 
possibility  of  moving  one  step  away  from  the  primary  video  domain,  namely  logging  the 
(possibly  "super-resolved")  complex  FFT  for  each  video  frame  on  standard  digital  magtape.  A 
simple  calculation  quickly  revealed  that  conventional  9-track  digital  techniques  are  quite 
Inadequate.  The  compressed  format  of  time-tagged  event  addresses  is  the  best  contender  for 
a  high-fidelity  pimary  data  archive,  especially  for  fainter  objects  where  recording  only 
non-zero  pixels  is  a  considerable  advantage.  Although  quite  expensive,  digital  video 
recording  techniques  can  maintain  the  speeds  required  if  full-format  recording  of  amplitudes 
for  br lgnt  objects  is  required. 

Speckle  Data  Processing  Algor  1 thms 

All  Speckle  Interferometry  proceeds  from  the  accumulation  of  co-added  power  spectra  (or 
equivalently  for  photoelectron  limited  observations,  co-added  autocorrelation  functions). 
Since  this  processing  looses  all  image  phase  information,  it  is  also  desirable  to  Include 
some  image  phase  Integration  method  as  well.  No  single  method  has  yet  proven  superior  to 
any  other,  so  we  wish  to  specify  a  system  with  sufficient  flexibility  to  accomodate  several 
possible  image  phase  retrieval  (as  contrasted  to  image  phase  "reconstruction") 
methods'  2'  2*'2'-  < 

The  differential  method12  requires  co-addition  of  the  complex  deconvolution  of  two 
s pec k 1  eg r ams  obtained  simultaneously  in  two  different  wavelengths.  Cocke's2  phase 
unwrapping  method  requlree  euper- reao 1 ut 1  on  (i.e.  increased  size  of  input  raster)  and 
neighborhood  processing  to  recover  missing  multiples  of  2ff  (Figure  4.). 
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Figure  4.  The  Phase- unwr appi ng  method. 

2  R 

The  sh i £ t-and-add  methods  (derivative  of  that  used  originally  by  Lynds,  Worden,  and 
Harvey2’)  require  neighborhood  processing  to  extract  a  sampling  function  which  is  cross- 
correlated  with  the  original  specklegrams  to  produce  image  estimates  which  are  co-added.  A 
variant  of  the  LWH  method  extracts  a  weighted  sampling  function  by  which  the  specklegrams 
are  deconvolved  frame-by-frame  to  produce  se  e  i  ng-co  r  r  ec  t  ed  image  estimates  (ji  _la^  the 
differential  method)  which  are  co-added.  ~ 

Visenson,  et  a  1.  have  proposed  a  scheme  based  upon  the  accumulation  of  four  arrays, 
each  of  which  is  der  lved  from  the  complex  Fourier  transform  and  summed  over  the  ensemble  of 
specklegrams,  which  can  be  the  basis  for  an  integration  yielding  the  Fourier  phases.  We 
propose  in  this  paper  a  hardware  realization  of  that  procedure. 

Given  FT(i(x,y))  ■  I(u,v)  »  A(u,v)  e* £  <ufv)  t  the  four  arrays  which  are  to  be  accumulated 

are : 


(1) 

<1 <u,v)> 

(2) 

< II (u.v)  |2> 

(3) 

<1* (u,v) I  (u 

+  A  u ,v) > 

(4) 

<I*(U,V)I (u 

,  v  +  A  v)  > 

Equivalent  to  the  Long  Exposure. 
The  usual  Power  Spectrum. 

An  X-phase  array. 

A  Y-phase  array. 


Nlsenson,  e_t  a  1 .  show  that  (3)  and  (4)  effectively  yield  phase  differences  which  can  be 
integrated  to  yield  the  desired  transform  phases  for  a  Knox-Thompson  style  two-dimensional 
image  reconstruction.  In  a  subsequent  paper29,  Nisenson  et  al.  have  shown  that  this  method 
can  also  be  corrected  for  the  effects  of  photon  noise  bias.  Hence  it  is  our  method  of 
choice  for  both  bright  objects  as  well  as  faint  objects  for  which  the  photon  noise  bias 
becomes  dominant. 


In  practice,  we  have  found  that  ordinary  computational  methods  are  prohibitively  slow 
for  even  the  usual  power  spectrum  processing  and  that  ordinary  array  processors  of  the  AP- 
120B  class  would  not  provide  the  through-put  to  implement  the  above  four-array  algorithm  on 
a  sufficiently  fine  grid  to  sample  the  diffraction  limit  of  the  MMT  in  a  real-time 
integration  at  60Hz  (or  even  30Hz).  We  require  the  accumulation  of  the  four  arrays  noted 
above  for  8-blt  video  data  digitized  on  a  256  x  256  raster  for  every  16.7ms  (60Hz)  video 
field  in  order  to  utilize  the  full  duty  cycle  of  the  observation  for  faint  objects.  In 
s-arching  for  a  technology  capable  of  this  task,  we  found  that  the  special-purpose  signal- 
processing  hardware  optimized  for  radar  and  sonar  signal  processing  appears  to  satisfy  our 
requirements.  Hence  we  propose  a  Signal  Processing  Systems  SPS-1000  based  system. 

Real-time  Video  Fourier  Transform  Signal  P  rocess i ng 

The  configuration  of  the  proposed  SPS-1000  signal  processing  subsystem  for  digital 
speckle  interferometry  is  illustrated  in  figures  5  and  6.  The  system  is  shown  in  minimum, 
and  maximum  configurations.  The  minimum  system  provides  a  modest  but  acceptable  level  of 
performance  at  a  minimum  cost.  The  maximum  system  can  be  incrementally  expanded  to  Improve 
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throughput  until  an  optimum  configuration  is  reached.  The  maximum  cont lqurat Ion  uses  a 
different  basic  processor  and  therefore  would  involve  a  more  extensive  modification  if  a 
smaller  configuration  is  built  first.  However,  since  all  models  of  the  SPS-1000  use  the 
same  byte  sliced  building  block  modules,  the  smaller  processor  can  be  converted,  at  the 
factory,  to  the  larger  one.  Thus  the  proposed  system  provides  a  systematic  means  whereby 
the  performance  of  the  digital  speckle  interferometry  system  can  be  Increased  over  a  period 
of  time. 
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As  mentioned  previously,  the  use  of  a  conventional  programmable  processor  such  as  a 
general  purpose  computer  and/or  an  array  processor  is  precluded  by  the  high  computational 
rates  required  by  the  algorithms  used.  At  the  same  time,  it  is  desired  that  the  system  be 
programmable  to  some  reasonable  level  to  permit  modification  of  the  techniques  used.  This 
desire,  coupled  with  the  high  cost  and  schedule  risk  associated  with  development  of  a 
special  purpose  hard-wired  processor,  motivated  the  selection  of  the  SPS-1000  for  the  signal 
processo  r . 

The  SPS-1000  Is  a  memory  centered  multi-processor  system  which  was  developed  to 
facilitate  Implementation  of  high  speed  real-time  signal  processing  systems  such  as-  radar 
and  sonar.  It  uses  a  multi-ported  Intelligent  memory  to  provide  attachment  points  for  a 
variety  of  processors  each  optimized  for  a  specific  part  of  the  overall  signal  processing 
task.  These  processors  may  be  general  purpose  computers,  array  processors,  mlcro- 
pro-essors,  hard-wired  modules,  etc.  For  applications  which  involve  Fourier  Transforms,  the 
manufacturer  offers  an  Imbedded  Fast  Fourier  Transform  (FFT)  processor  which  attaches  to  two 
of  the  ports  of  the  memory.  A  general  purpose  programmable  signal  processor  (the  SPS-81) 
with  throughput  comparable  to  that  of  a  high  speed  array  processor  Is  also  offered  as  an 
imbedded  processor. 

The  use  of  intelligent  memory  as  the  system  integration  medium,  coupled  with  a 
manufacturer  supported  block  diagram  compiler,  permits  the  system  to  operate  under  program 
control  by  application  oriented  high  level  language  statements. 

For  the  minimum  system  we  selected  a  small  SPS-1000  processor  designated  the  SPS-1016- 
lc'.  This  system  includes  an  Imbedded  FFT  processor  which  will  perform  continuous  FFTs  of  up 
t 1024  -omplex  points  at  sample  rates  up  to  1.9  megahertz.  FFTs  larger  than  1  02  4  points 
are  accomplished  at  one  half  that  rate.  Two  dimensional  FFTs  are  accomodated  by  using  the 
sam.  pipeline  for  both  the  row  and  column  FFTs.  The  throughput  of  the  system  can  be  doubled 
by  addi-g  a  second  FFT  processor  so  that  the  row  and  column  FFTs  are  accomplished 
concurrently.  The  SPS-1000  can  be  prewired  to  accept  the  second  FFT  processor  as  a  plug-in 
option  to  facilitate  future  expansion. 

F  >  r  the  maximum  system  we  selected  a  faster  version  of  the  SPS-1  000  designated  the  SPS- 
1  0  1  f  -  4 S  with  an  additional  FFT  processor.  This  system  can  perform  continuous  two- 
dimensional  FFTs  on  complex  data  input  at  over  6  megahertz. 

Both  the  minimum  and  maximum  systems  use  an  SP5-B1  imbedded  processor  as  a  post  FFT 
processor.  In  the  case  of  the  minimum  system,  the  SPS-81  can  perform  the  integration  of  the 
transformed  data  as  well  as  the  post  integration  processing.  Por  the  maximum  system,  the 
SPS-81  is  not  fast  enough  to  do  the  integration.  Therefore,  for  this  version  a  specialized 


Imbedded  processor  will  be  used  to  accomplish  the  Integrations  and  the  SPS-81  will  be 
required  to  perform  only  the  post  Integration  processing. 

Both  the  minimum  and  maximum  systems  are  programmable,  so  that  a  variety  ot  application 
software  packages  can  be  developed  to  provide  tradeoffs  between  various  performance 
parameters.  For  example,  Table  I  indicates  the  tradeoff  between  frame  size  and  frame  rate 
tor  each  of  the  two  configurations  discussed  In  this  paper. 


Table  I 

System 

Pe  r  f o  nuance 

Tr  ad  eo  1 1  s 

M  i  n  1  m  um 

System 

Max lmum 

Sys  t  em 

Fr  ame 

Size 

(pixels) 

Fr  ame 

Rate 

(Hz) 

Pi  xel 

Rate 

(MHz) 

Frame 

Rate 

(Hz) 

Pi  xel 

Rate 

(MHz) 

128  x  128 

70 

1.15 

270 

4.42 

256  x  256 

18 

1.17 

84 

5.  51 

512  x  512 

4.6 

1.21 

23 

6.03 

The  frame  rates  and  corresponding  pixel  rates  indicated  in  the  table  are  the  maxinums 
which  can  be  accomodated  by  the  system.  Since  the  system  is  data  driven,  the  data  can  be 
Input  at  any  rate  up  to  the  maximum  for  the  particular  frame  size  used  with  no  change  to  the 
software.  The  maximum  frame  rates  given  above  for  the  minimum  system  can  be  approximately 
doubled  by  adding  the  second  FFT  processor  which  is  indicated  by  broken  lines  in  Figure  5. 
The  performance  numbers  tor  the  maximum  system  already  include  the  second  FFT  processor. 
All  of  the  above  numbers  presume  maximum  utilization  of  the  capability  of  the  hardware. 
Prudence  dictates,  however,  that  some  5%  to  10%  reduction  of  these  numbers  be  applied  to 
allow  a  performance  margin  as  in  all  programmable  digital  processors. 

The  reader  will  note  that  the  input  data  to  the  system  are  real  whereas  the  FFT 
operation  is  inherently  a  complex  number  algorithm  and  the  outputs  from  the  FFT  are  complex. 
Although  several  algorithms  exist  for  performing  real  to  complex  FFTS ,  the  FFT  processor  of 
the  SPS-1000  does  only  complex  to  complex  FFTs.  For  the  minimum  system,  the  input  data  will 
be  made  complex  by  inputting  zeros  in  the  imaginary  parts  of  the  complex  inpjt  words.  This 
makes  for  some  Inefficiency  in  the  first  (row)  FFT  operation  but  is  in  keeping  with  the 
concept  of  a  minimum  system.  The  result  of  a  complex  FFT  on  real  input  data  is  a  conjugate 
symmetric  array,  one  half  ot  which  is  the  desired  result.  Therefore,  one  half  of  these 
results  can  be  ignored  in  doing  the  column  FFTs  and  no  further  inefficiency  results.  Thus, 
the  processing  of  an  N  x  N  input  array  results  in  an  N/2  x  n  intermediate  array  and  a 
similar  output  array. 

For  the  maximum  system,  advantage  is  taken  ot  an  option  offered  by  the  manufacturer  of 
the  SPS-1000  to  efficiently  perform  real  to  complex  FFTs.  This  option,  called  an  even-odd 
separator  unscrambles  the  results  obtained  by  performing  an  FFT  on  a  pseudo-complex  input 
array  which  is  obtained  by  packing  successive  even  and  odd  input  samples  as  the  real  and 
imaginary  parts  of  complex  words.  This  technique  reduces  the  input  rate  and  the  size  of  the 
row  FFTs  by  half  and  results  in  increased  system  performance.  The  even-odd  separator  can 
also  be  Included  in  the  minimum  system  to  provide  a  further  performance  improvement  over  and 
above  that  which  can  be  achieved  by  a  second  FFT  processor. 

The  Implementation  of  the  signal  processing  functions  for  the  minimum  and  maximum 
systems  are  illustrated  by  Figures  7  and  8.  The  two  implementations  are  identical  except 
for  the  packing  on  input  and  the  even-odd  separate  between  the  row  and  column  FFTs.  In  the 
minimum  system  the  four  integrations  will  be  performed  by  the  SPS-81  processor  whereas  in 
the  maximum  system  these  will  be  done  by  a  specialized  processor  attached  to  a  separate 
port.  In  both  cases  the  image  reconstruction  will  be  done  by  the  SPS-81  processor. 

The  entire  signal  processor  is  attached  to  a  host  computer  which  provides  the 
application  program  files  and  the  downloading  function.  The  host  computer  can  be  connected 
directly  to  a  port  or  can  interface  to  the  system  through  the  SPS-81  processor.  We  have 
chosen  the  latter  since  the  SPS-81  requires  a  host  Interface  in  any  case  and  thus  one  port 
can  be  saved. 

Since  the  basic  concept  for  this  system  is  an  intelligent,  multi-ported  memory  system, 
considerable  flexibility  in  Implementation  of  and  variants  to  the  basic  speckle  processing 
algorithm  are  possible.  We  have  discussed  only  the  requirements  for  Knox-Thom pson  based 
image  reconstruction  in  order  to  limit  the  scope  of  this  discussion.  However,  the 
flexibility  of  the  system  is  adequate  to  allow  implementation  of  other  image  retrieval 
methods  such  as  the  complex  deconvolution  of  differential  speckle  imaging  or  the  neighbor- 


hood  processing  required  by  pha se - f o 1 1 o w 1 ng  approaches.  By  employing  more  integration 
buffers  and  simple  first-moment  calculations  one  could  implement  *r0-monltoring"^”  as 
proposed  by  Hariotti  e_t  al .  to  Improve  the  precision  of  seeing  cal  1 br  ; 1 1 ons ,  for  example. 

We  believe  this  type  of  system  provides  an  optimal  compromise  between  hard-wired  signal 
processors  (the  ultimate  in  speed)  and  conventional,  floating-point  processors  (the  ultimate 
in  algorithmic  flexibility). 
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Figure  8.  Maximum  processing. 


Conclusions 

Present  detector  limitations  appear  to  be  surmountable  by  Implementation  of  currently 
available  proximity-focused  image  intenslflers  suitably  coupled  to  solid-state  video  readout 
devices.  The  d a ta- process  i  ng  requirements,  which  now  make  speckle  image  reconstruction 
computationally  impractical,  can  be  met  by  Implementation  of  currently  available  signal¬ 
processing  technology.  The  raw  data  sets  from  which  true  image  r econ s t r uc t t i o n  can  be 
achieved  can  be  accumulated  In  real-time  (image  power  spectra  and  image  phase  arrays)  at  "if 
telescope  just  as  optical  spectra  (In  raw  form)  are  presently  integrated  in  real-time  wh :  :  «• 
the  observation  progresses.  No  serious  Implementation  of  diffraction  limited  astronomla. 
optical  image  reconstruction  can  settle  for  less. 
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THE  NOISE  BIAS  PROBLEM  IN  OPTICAL  SPBCKLB  IMAGING 
Experience  with  a  Real  Detector 

E.  K.  Hege,  A.  Eckart  and  J.  C.  Christou 

Steward  Observatory,  University  of  Arizona 
Tucson,  AZ  85721 


Abstract 

We  have  obtained  diffraction  limited  images  for  bright  objects  using  various  large 
astronomical  telescopes,  including  the  MMT,  but  the  results  have  not  been  convincing  for 
fainter  objects.  All  speckle  interferometric  techniques  utilizing  image  power  spectrum 
or  autocorrelation  methods  to  obtain  calibrated  image  amplitudes  are  subject  to  noise 
bias  induced  by  the  Poisson  statistics  of  photon  detection.  This  noise  bias, 
independent  of  image  frequency  for  ideal  detectors  with  del t a- f unc t i on  like  point  spread 
functions,  must  be  removed  to  obtain  calibrated  image  amplitudes.  The  noise  bias 
characteristic  of  our  intensified  TV  detector,  both  as  a  raster  event  localizer  (faint 
object  mode)  and  as  a  conventional  image  amplitude  detector  (bright  object  mode),  is  not 
only  image  frequency  dependent  but  signal  rate  and  signal  distribution  dependent  as 
well.  This  precludes  signal  independent  calibration  of  the  characteristic  bias 
functions  and  sets  limits  on  object  faintness  for  successful  image  recovery. 
Implications  for  detect or  development  are  noted. 

Background 

Typical  previous  theoretical  studies,_s  of  the  statistics  of  diffraction  limited 
optical  interferometry  (astronomical  speckle  interferometry6)  were  mainly  concerned  with 
the  limits  of  detection  of  unresolved  sources  and  the  detectability  of  extended  objects. 

This  work  reports  experience  with  the  limits  of  calibration  using  a  video  raster 
detector7  in  both  analog  mode  (for  bright  objects)  and  event  detecting  mode  (for  faint 
objects).  We  have  encountered  calibration  limitations  in  applying  corrections  for 
photon  noise  bias  and  corrections  for  atmospheric  seeing  effects.  In  both  cases  the 
limiting  factors  have  been  identified  with  systematic,  but  data  dependent,  detector 
effects.  These  limitations  have  prevented  satisfactory  image  reconstructions  using  the 
Kr.ox-Thompson  algorithm8.  Fortunately  differential  speckle  imaging9  is  less  sensitive 
to  these  effects. 

In  discussing  the  statistical  limits  of  detectability  using  the  Knox-Thompson  method, 
Nisenson  and  Papaliolios5  explicitly  noted  that  the  noise  bias  is  "colored",  i.e.  image 
frequency  dependent.  For  the  discrete  photon  case  i(x)  =  Z5  (x  -  xt)  *  ,  i.e.  the 
photon  detection  point  spread  function  (PSF)  <p(x)  is  detected  at  the  event  addresses 
{x*}.  The  Fourier  transform  of  this  image  is  I(u)  =  4>(u)  •  £ exp(- ju. xx ) .  In  Knox- 
Thompson  image  reconstruction,  averaged  cross-spectrum-like  quantities  are  measured: 
Px(u;Au)  =  <I*(u)'I(u  +  Au) > .  For  Au  =  0  this  is  the  conventional  image  power  spectrum. 

The  measured  cross  spectra  Px(u;Au)  contain  an  additive  noise  term  due  to  photon  shot 
noise  (Poisson  statistics)10. 


Px(u;Au)  =  B(u;Au)  +  Pdb(u;Au)  (1) 

where  B(u;Au)  is  the  noise  bias  and  is  of  the  form 

I  <i>(u)|2 

B  ( u  ;  Au  )  =  N  - - —  G(Au)  (2) 

4>(0) 

Pos(u;Au)  is  the  desired  bias  free  quantity,  which  is  still  filtered  by  the  detector  PSF 
and  aperture  optical  transfer  function  (OTF)  and  which  contains  seeing  effects. 

Po»(u;Au)  =  N2  <exp(ju>xx)  exp[-j(u  +  Au).xi]>  (3) 

For  Au  =  0,  Po»(u;0)  is  the  conventional  astronomical  speckle  transfer  function*  (STF). 

Rewriting  i(x)  =  o(x)  *  p(x)  and  I(u)  =  0(u)«P(u),  STF  =  Pd  b  ( u ;  Au )  av  ■=  o  -  <)P(u)|2>. 

Table  I  and  figure  1  show  the  effects  of  noise  bias  on  the  STF  for  sources  of  various 
brightness  using  a  large  optical  aperture.  The  STF  contains  a  seeing  limited  term  G(Au) 
and  an  aperture  (diffraction)  limited  term  A(u)  scaled  according  to  seeing  and  aperture 
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size4.  STF  =  G(0)  +  (r„/D] 

2  A(u)  where  ro 

is  the  Fried  parameter  and 

D  is  the  telescope 

aperture.  For 

a  magnitude 

0  star  observed 

with  a  4.5m 

effective  light 

gathering 

areaand 

a  5X  detection 

efficiency 

using  a  20nm  observing  bandpass,  3  x  107 

photons/frame  (at 

60Hz)  will  be 

detected. 

Both  table  I  and  figure  1 

are  computed  for 

r0  -  20cm 

(good 

seeing  at  the 

MMT)  and  0 

-  6.86m  (the  effective  MMT 

interferometric 

d i ame ter ) 

giving 

(r0/D]2  =  8.5  x 

10' 4 ,  i . e . 

the  diffraction 

limited  contribution  A(u)  is  about  .lk 

of  the 

power  in  the  seeing  distribution  G(u)  at  u 

=  0. 

Tab  1  e 

I.  Aperture-limited  Signal 

vs  Noise  Biss 

■  v 

N 

Bias/STF 

S/N 

S/N 

S/N 

/ frame 

/min 

/min 

/ 10  min 

/hr 

0 

3xl07 

4.3x10® 

2x10s 

2.5 

3x10s 

4.3x10s 

2x  104 

5.0 

3x10s 

4 . 3x  1 0" 7 

2000 

7.5 

3xl04 

4 . 3x10' 6 

200 

630 

10.0 

3000 

4 . 3x10' s 

20 

63 

12.5 

300 

4.3x10-" 

2 

6. 3 

120 

15.0 

30 

4.3x10-3 

.  2 

.  63 

12 

17.5 

3 

4 . 3x  10- 2 

.02 

.  06 

1  .  2 

For  our  video  raster  photon  detector  in 
which  photons  are  detected  as  a  "splotch” 
of  pixels,  where  the  signal  exceeds  some 
threshold  set  to  discriminate  against  low- 
level  electronic  noise,  0(x)  equals  0(x, 
signal  rate,  signal  distribution).  The  PSF 
is  rate  dependent  because  of  photon  "pile 
up"  problems  (overlapping  responses  are 
detected  as  a  single  larger  response)  and 
AGC-induced  variable  "b lack- le ve 1 " 
responses  detected  against  a  fixed 
threshold.  The  PSF  is  distribution 
dependent  because  detector  pincushion 
causes  the  shape  of  0(  x )  to  vary  over  the 
detector  field  of  view.  4>(u)  is 
approximately  Gaussian  because  the  image 
intensifier  output  response  0(x)  is 
Gaussian,  but  the  video  recording  process 
distorts  this  response  in  a  non-linear  way 
for  the  larger  pulses11  in  the  intensifier 
output  pulse-height  distribution.  We  find, 
nevertheless,  that  a  Gaussian  shape  is  a 
good  model  of  <f>(u),  and  we  use  such  a  model 
throughout  this  paper.  The  curves  of 
figure  1  are  for  m«  =  2.5,  5,  7.5,  10,  and 
12.5. 


Spatial  Frequency  (cycles/sec) 


Figure  1.  STF  with  Gaussian-colored  noise  bias. 


Seeing  Calibrations 

Since  the  detector  color  term  D(u)  =  <  1  <t>(  u )  1 2  >  is  contained  in  both  terms  of  (1),  the 
power  spectrum  case  of  (1)  can  be  rewritten  Px(u)  =  D(u)  {N  +  I0(u)l*  < I P(u) I  2  > }  or 
( 0 { u ) | 2  < I P(u)  I2  > )  =  {P* (u)  /  D(u)}  -  N.  The  seeing  calibration  is  then  accomplished  by 
an  observation  of  a  point  source  under  similar  seeing  conditions,  particularly  so  that 
the  time  average  <IP(u)l2>  is  the  same  for  both  resolved  object  and  seeing  calibrator. 


{ Pa o { u )  /  D(u)  -  No) 

I  0  (  u  )  I  2  =  -  (4) 

(Pa. (u)  /  D(u)  -  N. ) 

In  practice,  the  debiased  quantities  required  for  the  numerator  and  denominator  of 
(4)  are  produced  by  dividing  the  measured  power  spectra  by  a  model  of  D(u)  obtained  by 
fitting  the  data  Pa(u)  at  tut  >  fc ,  the  diffraction  cut-off  frequency.  We  always 
oversample  so  that  fc  occurs  at  less  than  the  Nyquist  frequency  in  order  to  accomplish 
this  modelling.  Figure  2  shows  a  typical  result  of  such  a  fit:  the  model  always  fits  the 
power  above  fc  to  within  about  1*  ras.  Regardless  of  the  signal  statistics,  this  It 
discrepancy  seems  to  be  a  systematic  limit  of  the  PSF  model.  For  bright  objects,  this 
is  no  limitation:  for  faint  objects  it  is  disastrous. 
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results  we  have  achieved  in  our  asteroid  interferometry  program12.  Integration  time  of 
90  seconds  was  used  for  both  object  and  reference  star.  The  first  Airy  ring  of  the 
centra]  response  is  seen  above  the  noise.  Noise  bias  errors  may  enhance  the  apparent 
magnitude  difference  of  binary  star  components. 
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Figure  4.  Seeing  Calibration.  Left :  Debiased  power  spectrum  of  niv  11  binary.  Middle:  Debiased 
power  spectrum  of  point  source.  Bight :  Filtered  quotient. 


Figure  5.  Calibrated  ACF  for  ■»  =  11  field  star  with  By  =  13.8  component.  Left :  Contours  at  IX  of 

peak  intensity  plotted  up  to  50X  of  peak  intensity.  Right :  Expanded  ordinate  plot  of  cut 

through  secondary  lobe.  (Image  scale  =  lOmsa/pixel . ) 

Although  we  have  published  interferometry  for  fainter  objects13'14,  we  have  not 
succeeded  in  achieving  quantitatively  reliable  amplitude  calibrations  for  objects 
fainter  than  about  10th  magnitude.  Figure  6  shows  power  spectra  resulting  from  90 
second  observations  of  the  nucleus  of  NGC  1068  and  of  a  calibration  star  of  similar 
magnitude.  The  noise  in  the  observation  makes  fitting  of  the  Gaussian  noise  bias  model 
quite  uncertain.  The  short  integrations,  chopping  back- and- f or th  between  object  and 
reference,  are  required  to  assure  that  seeing  variations  are  sampled  equivalently  for 
both  obsei vat  ions .  -We  have  discussed  elsewhere15  the  effects  of  variable  seeing  on  (4). 

The  averaged  radial  profiles  of  these  measures  have  higher  s igna 1 - t o-no iae  ratio  than 
implied  by  these  single-line  (-column)  cuts.  Figure  7  compares  the  averaged  radial 
profiles  of  the  results  of  applying  the  seeing  calibration  (4)  to  such  data  sets  (after 
debiasing  with  such  models).  The  galaxy  power  spectrum  was  calibrated  using  the  average 

of  a  pair  of  reference  star  data  sets  (observed  before  and  after)  and  the  point  source 

power  spectrum  was  calibrated  by  using  the  other  reference  star.  Many  pairs  of  short 
integrations  are  required  for  a  reasonable  two-dimensional  determination  of  a  faint 
object  power  spectrum. 
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Figure  6.  Orthogonal  cuts  through  observed  power  spectra  (90  sec  integrations)  for  Left :  NGC  1068  and 
Right :  A  field  star  of  similar  brightness.  The  smooth  curves  are  corresponding  noise  bias 

models. 


Spatial  Frequency  (cycles/sec) 


Figure  7.  Radial  (azimuthal)  average  of  calibrated  power  spectra  for  reference  star  (Left )  and  NGC 
1068  (Right). 

Two  problems  are  strongly  apparent  in  the  reductions  of  figure  7.  The  reference  star 
should  reduce  to  a  constant  value  (unresolved)  up  to  the  telescope  cut-off  frequency  fc . 
The  large  inflection  at  low  frequencies  shows  that  the  seeing  over  the  two  90  second 
observing  intervals  compared  in  the  two  observations  yielding  this  quotient  were  quite 
different,  as  discussed  in  Christou  et  a  1 . 1 5 .  There  is  also  an  upward  trend,  becoming 
much  larger  near  fc .  Both  effects  are  strongly  exaggerated  in  the  galaxy  observation. 
It  is  a  principal  purpose  of  this  paper  to  explain  the  source  of  this  second  calibration 
problem . 


Spatial  Frequency  (f/fc) 

Figure  8.  Effect  of  errors  in  noise  bias  determination.  Left :  Curves  for  10th  (lower)  and  1 2 .  f*  t  h 
magnitude  (upper)  cases  from  figure  1  replotted  on  a  linear  scale.  Bight :  +1*  errors  in 

bias  corrections  applied  to  the  same  data,  10th  (inner  pair)  and  12.5th  magnitude  (outer 
pair)  --  ordinate  expanded  lOx. 


0  1 
Spatial  Frequency 


Figure  9.  Calibration  (4)  with  1%  errors  in  debiased  estimates  when  observations  of  two  10th  (inner 
pair),  two  12.5  (outer  pair)  and  a  10th  and  12.5th  magnitude  (intermediate  pair)  objects  are 
used.  (Data  as  shown  in  figure  8,  right.)  Error  free  debias  would  yield  a  constant  power  - 
1.0  from  f  0  to  f  =  fc 

Noise  Bias  Calibrations 

It  has  proven  to  be  impossible  to  achieve  a  stable  photon  detection  PSF  with  our 
present  Plumbicon  video  camera/Sony  video  casette  recorder  data  acquisition7.  The 
differences  between  successive  measures  of  the  PSF  are  greater  than  the  typical  I* 
residuals  in  Gaussian  models  fit  to  those  measures.  Therefore,  we  have  adopted  the 
se 1 f - ca 1 i b r a t ion  scheme  noted  in  the  discussion  above  in  which  the  noise  bias  model  is 
fit  to  the  data  of  the  observation  itself  at  frequencies  greater  than  the  aperture  cut¬ 
off  frequency.  Figures  8  and  9  shows  the  effect  of  this  1 %  limitation  in  our  ability  to 
determine  the  exact  shape  and  amplitude  of  the  noise  bias.  We  compare  simulations  based 
on  two  of  the  theoretical  cases  shown  in  figure  1:  for  10th  and  12.5th  magnitude 
respect l ve 1 y . 
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The  \X  err oi  in  bias  determination  induces  \\  errors  in  the  debt  used  l 0 1 h  magnitude 
result  since  the  power  in  the  noise  bias  is  the  same  order  of  magnitude  as  the  ;  r  -  ' 

attenuated  diffract  ion-  limited  component.  However,  it  induces  a  I  ()\  error  in  the  I  2  .  r>  t  h 

magnitude*  case  where  th«-  power  in  the  noise  bias  is  a  map. nitud**  larger  than  the 
diffraction  limited  component .  When  these  errors  arc*  propagated  through  the  quotient 
(  <1  '  t  he  i  r  e  f  foe  t  s  become  more  d  r  as  t  if,  espet  la  I  i  y  approarh  i  np  the  d  i  f  1  rnrt  i  on  limit 
wh«*ro  they  mav  become  infinite* 

In  our  asteroid  work1*  ,  w«*  have  the  goal  of  delecting  and  measuring  albedo  mni Kings 
which  mav  induce  1 0\  power  spool  rum  modulations.  Thus  better  than  1  *•  calibration  of  t  h e 
noise  bias  is  rrqu  i  i  cd  if  the'  seeing  c  a  I  l  b »  «» ted  power  spectrum  data  •  s  to  be  trusted  at 

frequencies  greater  than  80\  of  ft-  for  these  typically  I  Oth  magnitude  objects.  At 

1 2 .  r>  t  h  magnitude*  a  1  •  error  in  determination  of  the  u  o  i  s  ••  bias  can  induce  factor  of  two 
variations  at  7  0\  of  f  <■  which  is  totally  un acre p  t  ab  1  *• . 

Failure  of  Knox-Thompson  Method 

We  discussed  effects  of  noise  bias  calibrations  on  power  spectra,  i  . e .  image 
amplitudes.  The  effect  on  the  cross  spectral  quantities  needed  for  t  h r  rlcbTimnnl  u»n  of 
the  Knox -Thompson  image  phase  differences  is  just  as  severe  ( c . f .  1  and  2.  For  out 

r  a  t  e  dependen  t  and  distribution  dependent  PSF  the  problem  is  even  worse.  If  <J>i  u  ) 

( u ;  r , d  >  is  signal  rate  and  signal  distribution  dependent  as  noted  above,  the 

determination  of  the  complex  noise  bias  H(  u;Au  i  Au  /  •  will  depend  upon  the*  quality  of 

our  determination  of  <$>f  u ,  r  ,  d  )  within  the  d  i  f  f  rart  l  on  limit. 

If  the  noise  bias  fit  does  not  match  the  actual  shape  o  f  the  biases  at  I  <>w 
frequencies,  or  if  the  low  frequencies  of  the  c  ros.s  -  s  per  t  r  a  are  distorted  hv  non 
cenl  rnsynnet  r ir  flat  field  distort  ions  which  appear  as  convolutions  in  the  cross 

spectra  then  systematic  errors  are  induced  in  the*  calculated  phase  differences.  A 

further  problem  in  applying  the  Knox  Thompson  method  arises  s  i  ic  e  most  of  the*  art  i  fid  s 
induced  bv  ».he  video  raster  detec  tor  arc-  located  along  the-  u  and  v  axes  (  see  figure  q 
in  Fourier  space*.  Therefore  an  integration  of  the  phase*  differences  along  these  axes 
will  lead  to  contaminated  phases. 

Further,  we  cannot  ”  f  I  a  I  field”  phot  «m -dt?  t  ee  f  «d  imagers  where  all  detected  photons  arc- 
weighted  equally.  The  Harvard  group  (Pap all  olios  and  Nisons on1*  do  apply  flat  field 
correct  ions  by  using  floating  point  Fourier  transform  techniques,  even  in  the*  faint 
object  limit,  in  which  case  photons  can  he  weighted  by  a  floating-point  number, 

depending  upon  where*  in  the*  detector  field  of  view  they  arrive.  (The  flat-  field 

correction  is  multiplicative  in  image  space,  and  therefore  must  he  removed  frame  by- 
frame  before-  FT  processing.  ) 

We  suspect  these  complications  explain  our  failure*  to  achieve  reasonable  results  for 

faint  objects  with  the  Knox- Thompson  method  using  data  from  our  present  video  raster 

detector. 

It  is  reassuring  to  note*  that  I)  i  f  f  e  r  en  t  i  a  1  Speck  I  e  Imaging17  •  PS  T  >  is  not  sub  ject  to 
sui.  h  noise  bias  calibration  limitations.  In  fact  this  is  a  case  in  which  the  noise  bias 
acts  in  a  beneficial  filtering  wav.  The*  differential  image  <DI>  is  given  hv  the  inverse 
Fourier  transform  of  an  inverse  filtered  cross  spectrum. 

D  I  FT  1  *  XS  ,  .  ,  PS:-/  |  r»  • 

Since  the  cross  spectrum  is  obtained  from  statistically  independent  image  data  (two 
s  imu )  f  anc-ous  but  discrete-  speck  I  eg  rams;,  it  is  a  bias  fr  e  e  estimator.  The  inverse- 
filter  used  is  the  fhiasedl  power  spectrum  of  one  of  the  input  speck  1 egrams ,  and  the 
non  z  e  r  o  bias  for  all  frequencies  assures  the*  ex  i  s  t  a  nrc*  of  the-  inver  filtered 

quotient.  In  fact,  the  inverse  filter,  with  its  noise  bias,  lias  the  nature  of  a  Wiener 

filter17. 

Cone  1  us i on 

Extremely  stable  photon- counting  detectors  are  required  for  this  work.  The  nature  of 
our  cone  Iiismn  is  not  dependent  upon  the  spatial  frequency  dependency  o.f  the*  noise*  bias; 
it  is  equally  applicable  to  perfect  delta-function  detectors  if,  for  example,  they  are 
subjer*  to  multiple-  detection  of  the  same  event1*,  in  which  cose  the*  DC  noise*  b  i  as  is  no 
longer  strictly  equal  to  N  (-  the  number  of  events  counted ) .  One  percent  errors  in  the 
determination  of  a  DC  1  eve  1  have  quite  similar  effects  on  quo  t  i  en  t  s .  It  is  particularly 
encouraging  that  several  of  the  photon- counting  approaches  reported  at  this  conference 
may  prove  to  yield  very  stable  and  call  bra  table  PSF*s.  The  success  of  diffraction 
limited  interferometric  imaging  at  the  faint  object  limit  is  crucially  dependent  upon 
this  technology. 
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It  is  not  rlf.'ir  whether  flat  l‘iol<linj{  requirements  will  preclude*  the  use  of  an  ‘'ail 
photons  are  detected  equally"  image  space  (autocorrelation,  cross-correlation) 
implementation  <»  f  t  he  Knox  Thompson  integration  as  proposed  in  our  comp an i on  pape  r 1 9 . 
The  last  word  on  detector  development  is  not  yet  in. 


Mt  )  I  e  r  , 

67,  117 

Hu  me  t  t  ,  M  .  K  .  ,  and  6  .  Par  rv  ,  "Phot  on  Noise  Limitations  on  the  He  cover  y  o  f  Stellar 
Images  hv  Spe.  kl»*  Interferometry,"  Op  t  .  C  ommun  .  21,  60-62,  1977. 

Walker,  "Signal  to  No  is<’  R«t  t  i  o  in  Specie  1  e  I  »  I  or  f  or  ome  try  in  the  Phot  on 

Counting  Autocorrelation  Mode  at  Low  Light  Levels,"  Opt  .  C  ommun .  29,  273-278,  1979. 

"Statist  ic  *3 1  Accuracy  in  S  perk  le  Interferometry  at  Low  Light  Levels," 
Opt  ii  a  Acta  28,  885  90r»,  1981. 

Dnint  v,  T  .  ,  "Sl“l  Jar  Speckle  I  n  t  #*r f**romet  ry "  ,  in  Laser  Speckle  and  Related 

Phenomena ,  ed.  .J  .  C .  Dainty,  pp2r»4-320.  Springer  VerlaK,  1984. 

Nisenson.P.  and  C .  Papa  I  i  o  |  i  os ,  "Effects  of  [’hot  on  No  i  sr  on  Speckle  Image 

Herons  t rue t  i on  with  the  Knox  Thompson  Algorithm,"  Or*  t .  Commun .  47,  91-96,  1982. 

I.  a  1 1  *»  v  r  l  e  ,  A  .  ,  "Attainment  of  I)  i  f  frait  ion  -1,  mitcd  Resolution  in  L  a  a  r  g  o  Astronomical 
Telescopes  h\  Pout  i«T  Ana  I  v/ i  tig  Speckle  Patterns  of  Star  Images,"  Asti  on.  Astrophys. 


M  .  r;  .  , 
6  1  18-1  , 
M .  E  . 
hv  Sp... 

r .  c .  . 


"Noise  Pons  idem 
1977. 

,  and  6.  Parry, 
k  l  »•  I  n  1 1»  r  f  e  t  ome  try 
"Signal  to  Noise 


Ref  erences 

P o ns i derat  ions  is  S  p  e  <  k  l  e  Interferometry,  1 


•I  .  Oj»t  . _ S or  .  Am* 

Recovery  of  Stc) lar 


fount  ing  A  u  t  <jco  r  r  e  |  a  t  ion  Mod* 


K oust  r  u 

o  t  i  on 

8. 

I.  3  0 ».  v  r  l  '■  , 

A  .  . 

T  (■  1  H,ro|.|. 

s  h\  F 

6,  8r,  -87, 

1  970  . 

7 

II. •«.  .  1' . 

K  .  ,  F 

T.l.'nsii. 

n  s  v  s  t 

1 08  n 

,  1  .  i 

Speckle  Inter  f  e 

8  . 

Knox,  K  . 

T  .  ,  ;i 

S  f,  (\  r  t  **  \  p 

nstll  '■ 

9  . 

H  e  e  k  e  r  s  , 

1  .  M  " 

10. 

Goodman  , 

.1 .  K  .  , 

Rest  oral  \ 

nn  Ilf 

1  1  . 

C  r  omw»*  1  I  , 

K.  H. 

H.W.  Funk 

3  ml  K 

Fleet r  o  n . 

3  n  <i  K 

•i  Ana  I  i7  i ng  Speckle  Patterns  of  Star  Images,' 


K.N.  M  ii  l>  ha  r  d  and  I* .  A  .  Strittmattor,  "An  Intensified  Event  do  t  ec  t  i  ng 

vstem  I  "i  Astronomical  Speckle  Interferometry,"  I'rnc,  S  P  I  K  264,  29  2.2, 

K.N.  Huhhard,  I'.  A.  St»  it  (matter  and  W .  J  .  Cocke,  "The  Steward  Observatory 


r  oin » *  t  i  y  System,"  Optica  Acta  29,  70 
nd  R.  1  Thompson,  "Hycovcrv  of  1  ni 

riiotog,  aphs.  "  Astrophys.  J  .  193,  1.4 
11  i  f  f  e  i  ,-n  t  i  a  I  spetkle  Interferometry 
and  J.F.  Belsher,  "Fundamental 


701-715.  1982. 

Images  from  Atmospherically  Degraded 
1.4  5  -  L4  8  ,  1974. 

rv,"  Opt  i <  a  At  t  a  29.  26  1  262,  1982. 

al  Limitations  in  Linear  Invariant 


Restoration  of  Atmospherically  Degraded  Images,"  P roc.  SP 1 r  75,  14  1,  1976. 

fromw.-M,  H.H.,  P.A.  S  *  r  t  t  t  ma  t  t  e  r  ,  H.G.  Allen,  E  .  K  .  He  go.  K.-H.  Maraen,  H.  KUhr, 

H.W.  Funk  and  K.  Frank,  "A  Proximity  Focussed  Image  Intensifier  for  Astronomy,"  Adv_. 

Fleet  r  on.  and  Electron  1’hys.  64  A ,  77  92,  1982. 

Drummond,  .1  .  D  .  ,  W  .  .1  .  Cocke,  K.K.  Hege  and  P.A.  S  t  r  \  t  t  ma  t  t  e  r  ,  "Speckle  Interferometry 

of  Asteroids  I.  439  Eros,"  Icarus  61,  132  151,  1985. 

,  P.K.  Hege,  W .  .1  .  Cocke,  I.D.  Freeman,  T  .  C .  Christou  and  R .  P .  Rinzcl, 

"Speckle  I  n  t  ».*  r  f  e  r  ome  t  r  v  of  Asteroids  II.  532  Hercul  ina,  "  Icarus  61,  2  <2  240,  1985. 

Hege,  E.K.,  K.N.  Hub hard,  P.A.  Strittmatter  and  S.F.  Worden,  "Speckle 

1  ri  <  er  f  eromet  r  i  <  Ohserva  I  ions  of  t  he  T  r  i  p  I  e  0S0  PC  I  I  1  5  ♦  08  ,  "  As  t  roph>  s  .  .1  ._  L»*t  1  .  , 


"  S 

k  1 

e  I  n  t 

-rfe 

rn*" 

1  1  . 

Hege  , 

E  .  K  . 

, 

K  .  N  . 

I  ri  l  r 

r<- 

romet 

nc 

Oh  s 

248, 

Ll 

L2  , 

1  981 

1  4  . 

II. -rn  , 

K  .  K 

1  .  \ 

1.  a  u  '•  i 

, 

”  S  fer 

k  1  e 

lilt  - 

1  98  2  . 

1  r.  . 

nn  is 

t  on  .  J 

.  r : .  , 

1  . 

A s  t  ronomi  «:  a  1 

Speck  I  e 

I  r, . 

8  3  pci  1 

i  o 

1  I  </s  , 

r .  , 

r 

N  .  H uhho  rd ,  I.D.  Drummond,  P.A.  St  r  i  t  I mnt  t  ft  , 
••I  f  er  ome  t  r  i  <  Observations  of  Pluto  and  Charon, 


S . P .  Worden , 

Icarus  5  0 , 


Ph/  i  s  t  on  ,  I  .  C .  ,  A  .  S  .  Y  .  Cheng  and  F  .  K  . 
Astronomical  Speckle  Interferometric  Data," 
Papa  l  i o  1  i  os ,  P .  ,  F  N i sens on  and  s .  F6s t  e i n , 
App 1 .  Opt  ,  24,  287  292,  1985. 

Hehcfen,  .1  .  r .  F.K.  Hege  ,hkI  .1.9  Rockers, 
Multiple  Mirror  Telescope,  P  r  o  <  .  S  F I E  556, 


a  n  d  T  . 
.  72-81, 

Opt  i rn 1 


Hege,  "feeing  Cal  i  brat  iron  o|  Optical 
As  t  r  on  ■».  90.  2644  -2656,  1985. 

"Speck!**  Imaging  with  the  PAPA  Camera," 

"Differential  Imaging  with  the  Co phased 
284  289,  1985.  Also  to  be  published  in 


Opt.  Kngn g 
Fhs  t  e  l  n  ,  S  . 
Hege,  F.K 
Diffract  j  on 
I  986  . 


1986  ;  . 

Private  communications,  1985,  (986 

and  P .  R.  Vnfcac,  "Real  time  Amplitude 
I  i mi  I fd 


and  Phase 


Imaging 


Photon  fas*', 


Integrations  for 
This  conference'. 


300 


SPIE  Vo!  627  Instrumentation  in  Astronomy  VI II 9861  /  779 


THE  fi-ALPHA  ENVELOPE  OF  ALPHA  ORI 


« 


E.  K.  Hege,  J.  C.  Hebden  and  J.  C.  Christou 
Steward  Observatory 
Tucaon,  AZ  85721  USA 


We  uae  weighted  ahif t-and-add  with  deconvolution  (WSA/WD)  to 
produce  well-calibrated  iaagea  of  Alpha  Orionia  using  data  from  the 
KPNO1  4a  and  the  Steward  2.3a  telescopes.  Differential  speckle 
interferoaetry  (DSI)  iaages  have  alao  been  produced  with  data  froa  the 
2.3a  and  the  Multiple  Mirror  Telescope*  (MMT).  We  find  evidence  for  a 
Northwest-to-Southeast  elongated  circuastel lar  envelope,  extending  to 
>4  stellar  radii,  around  a  liab-darkened  42  Billisecond  of  arc  (Baa) 
stellar  disk.  Aziauthally  averaged  radial  intensity  profiles  are  in 
qualitative  agreeaent  with  those  predicted  by  Hartaann  and  Avrett, 
although  significant  quantitative  differences  suggesting  non-unifora 
outflow  are  seen.  MMT  diffraction  liaited  iaages  of  Alpha  Orionia, 
observed  in  a  narrow  band  centered  on  H-alpha,  show  aeasurable, 
resolved  surface  structure  within  the  stellar  disk.  Our  iaages  do  not 
show  clear  evidence  for  secondary  coapanions. 

Observations  of  Alpha  Orionia  and  calibrating  observations  of 
Gaaaa  Orionis  were  aade  using  conventional  speckle  interferoaetry 
(Bege  et  al.  1982)  at  the  KPNO  4a  Mayall  reflector  on  2  and  3  February 

1981,  and  with  the  Steward  Observatory  2.3a  telescope  on  6  Noveaber 

1982.  On  6  March  1982  Alpha  Orionis  was  observed  with  the  2.3a 
telescope  using  DSI  (Beckers  1982)  with  a  very  narrowband  filter 
(0.045na)  which  was  scanned  in  0.05na  steps  across  the  E-alpha 
spectral  profile.  On  17  Deceaber  the  line-centered  DSI  observations 
were  repeated  (with  0.12na  filter)  using  the  fully  cophased  MMT  (Hege 
et  al.  1985). 

WSA/WD  (Christou  et  al.  1986)  has  been  shown  to  produce 
diffraction  liaited  point  spread  functions  (PSF’s)  for  both  the  2.3a 
and  4a  telescopes  as  well  as  for  the  MMT  (Hege  et  al.  1985).  The 
PSF’s  are  in  good  quantitative  agreeaent  with  the  theoretically 
coaputed  Airy  patterns.  The  s ignal-to-noise  iaprovei  as  the  square 
root  of  the  nuaber  of  fraaes  processed,  and  a  dynaaic  range  of  >250:1 
is  realized  (Christou  et  al.  1985).  This  dynaaic  rang'  is  presently 
liaited  by  a  well-understood  digitizer  artifact.  The  results  are 
self-calibrated  for  seeing  and  are  insensitive  to  variable  seeing 
conditions. 

The  telescope  plus  instruaent  PSF,  obtained  froa  the  point  source 
calibration,  can  be  used  to  produce  diffraction  liaited  iaages  of  the 
extended  source  by  using  the  radio  astronoaers’  CLEAN  algoritha 
(Htigbos  1974).  This  eliainates  effects  of  side  responses  (Airy  rings) 
due  to  the  PSF. 

In  DSI  two  specklegraas  are  acquired  siaultaneously  in  two 
different  wavelength  bands.  By  adjusting  the  filter  so  that  one 
bandpass  spans  a  chroaospheric  emission  line  and  another  spans  only  a 
region  of  the  continuua  (about  0 . 6na  away),  the  specklegraa  pair  will 


JKitt  Peak  National  Observatory  is  operated  by  the 
Astronoay  Observatories  under  contract  to  the 
Foundation. 

*The  MMT  is  a  joint  facility  of  the  University  of 
Saithsonian  Institution. 
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reveal  differences  between  the  chrosoiphenc  and  continuu*  images 
(Beckers  et  al .  1983).  The  cross-correlation  of  the  point-source-like 
(at  the  resolution  of  the  2.3b  telescope)  continuua  tpecklegres  with 
the  resolvable  (in  the  fi-alpha  line)  specklegram  produces  a  sap  of  the 
resolved  object  (Hebden  et  al.  1986). 

The  cleaned  images  of  Alpha  Orionia  obtained  froa  the  February 
1981  data  are  consistent  with  a  1 imb-darkened  42  (asa)  stellar  disk 
(Cheng  et  al.  1986)  surrounded  by  elongated  circuastel lar  emissions. 
In  H-alpha,  the  elongation  is  at  a  position  angle  of  117°-297°.  This 
chromospheric  elongation  was  again  suggested  by  the  lower  resolution 
measure  of  the  November  1982  data.  The  strongest  evidence  for  the 
elongation  is  froa  the  self-calibrating  DS1  result  of  March  1982  which 
confirmed  the  existence  of  the  Northwest-to-Southeast  extension  seen 
in  both  the  4m  and  the  lower  resolution  2.3m  images.  In  all  three  of 
these  results,  the  extension  appears  at  approximately  the  same  120°- 
300°  position  angle  with  a  suggestion  that  the  intensity  was  stronger 
in  the  NW  quadrant  in  the  later  measures  (Hebden  et  al.  1986). 
Smaller  scale  asymmetries  were  also  noted,  but  the  evolution  of  those 
features  appears  to  be  consistent  with  fluctuations  of  surface 
structure.  No  evidence  of  correlation  with  polarization  variations 
over  the  same  period  was  noted. 

Azimuthally  averaged  radial  image  profiles  are  shown  for  the 
March  1981  data  in  H-alpha  656. 3nm  (Figure  1)  and  Call  854. 2nm  (Figure 
2).  Narrow-band  (G.3nm)  filters  were  used  for  both  observations.  The 
radial  profiles  predicted  by  Hartmann  and  Avrett  (1984),  convolved  to 
the  same  spatial  resolution  as  the  data,  are  shown  superimposed  for 
comparison.  The  Hartmann  and  Avrett  profiles  assume  a  flux  of  AlfvAn 
waves  sufficient  to  drive  an  outflow  of  10~*  solar  mass  per  year  and 
used  electron  density  data  obtained  from  radio  measurements.  There  is 
qualitative  agreement  with  the  predictions,  but  quantitative 
differences  are  noted,  particularly  for  Call  where  the  model  over¬ 
prediet*  at  small  radii  and  under-predicts  at  larger  radii.  The 
expanding  shell  model  is  the  closest  fit  to  the  data.  There  is  an 
inflection  in  our  data,  seen  in  both  profiles,  at  about  3-4  stellar 
radii.  This  could  be  evidence  of  increased  outflow  of  matter  at  an 
earlier  epoch.  This  may  relate  to  variations  in  visibility  profiles 
which  Roddier  (1985)  has  shown  to  relate  to  fluctuations  in 
photometric  intensity  and  which  can  be  interpreted  as  signifying  a 
variability  in  mass  outflow  (Goldberg  1984). 
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We  have  liab-darkening 

5  neaturei  and  radial  intensity 

profiles  for  Alpha  Orionis 

Figure  3  (Christou  1985)  observed  at  the 

diffraction  liait  of  the  KPNO  4a 
telescope  (pupil  aasked  to  3.8a).  Differential  iaages  with  the 
resolution  iaplied  by  the  full  6.86a  resolution  of  the  MMT  suggest 

surface  structure  seen  at  2.5  tiaes  the  resolution  possible  with  a 

diffraction  liaited  Space  Telescope  at  the  saae  wavelength.  Structure 
in  both  the  averaged  iaage  profile  and  on  the  stellar  disk  appears  to 
evolve  in  tiae.  This  eaphasizes  the  need  for  synoptic  iaage  studies, 
coordinated  with  conventional  photoaetric,  polariaetric  and 
spectroscopic  studies  in  optical,  IR,  and  radio  wavelengths,  to  obtain 
a  qualitative  advance  in  the  detailed  understanding  of  this  rapidly 
evolving  star. 

This  work  was  supported  in  part  by  NSF  (AST-8201092  and  AST- 
8312976)  and  by  the  Air  Force  (AFOSR  82-0020  and  AFGL-F19628-82-K- 
0025) . 


Prel  ninary  evidence  of 
chroaospheric  (H-alpha)  structure 
within  the  stellar  disk  is  seen 
in  Figure  3.  This  pair  of  DSI 
iaages  obtained  with  the  MMT, 
together  with  the  unresolved  DSI 
PSF  observed  for  Gaaaa  Orionis, 
taken  at  different  caaera- 
telescope  paralactic  angles  is 
printed  in  the  saae  orientation. 
They  show  evidence  for  an  un¬ 
resolved  bright  spot  and  for  a 
resolved  extension  within  the 
disk  in  this  differential 
observation. 
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Phased  Array  Imaging  with  the  Multiple  Mirror  Telescope 


E.  Keith  Hege 
Donald  W.  McCarthy,  Jr. 
Jeremy  C.  Hebden 
Julian  C.  Christou* 
Stewai'd  Observatory 
University  Of  Arizona 
Tucson  AZ  S5721 


Introduction 

The  6.86m  Multiple  Mirror  Telescope  (MMT)  has 
been  operated  as  a  co-phased  optical  array  since 
1983  [l] .  We  have  used  it  to  obtain  seeing  cali¬ 
brated  diffraction-limited  images  of  the  point  source 
7  Orionis  and  the  resolved  red  supergiant  a  Orionis. 
The  point  source  images  validate  the  imaging  per¬ 
formance  of  the  system  as  a  function  of  wavelength 
(4100  -  8500  A)  and  of  coherence  length  (6 fxm  to 
3.6mm).  We  have  measured  a  stable  point  spread 
function  (PSF)  with  an  FWHM  of  75  nanoradians 
or  15  miili-arcseconds  (mas)  which  matches  the  the¬ 
oretical  prediction.  Images  of  a  Orionis  have  been 
obtained  both  in  the  chromospheric  Ha  emission 
and  in  the  adjacent  line- blanketed  “continuum”  with 
A2/AA  =  3.6mm.  In  addition,  we  have  also  ob¬ 
tained  images  of  a  geosynchronous  communications 
satellite  in  a  broader  bandpass  (A  =  5500  A  with 
A2;  ilA  =  30/mi).  The  resolution  of  both  of  these 
images  is  consistent  with  the  observed  PSF’s. 

Pathlength  Correction 

The  MMT  consists  of  six  l.8m  telescopes  comounted 
in  a  hexagonal  array.  However,  the  MMT  Optics  Sup¬ 
port  Structure  (OSS)  flexes  allowing  up  to  500  fun  of 
differential  variations  in  the  optical  pathlengths  as  a 
function  of  elevation.  We  have  found  that  these  ele¬ 
vation  dependent  variations  can  be  compensated  by 
means  of  open-loop  co-phasing.  Figure  L  shows  how 
the  beams  from  a  pair  of  the  telescopes  combine  and 

"Currently  at  the  Advanced  Development  Program,  Na¬ 
tional  Optical  Astronomy  Observatories,  operated  by  the  As¬ 
sociation  of  Universities  for  Research  in  Astronomy  Inc.,  under 
contract  with  the  National  Science  Foundation. 


Figure  1:  Pathlength  correction  geometries  between 
two  mirrors. 

the  four  different  ways  the  pathlengths  may  be  ad¬ 
justed.  These  are:  A  -  translation  of  the  secondaries 
effectively  adjusting  the  focus,  B  -  two-dimensional 
translation  of  the  beam  combiner,  C  -  the  use  of 
complimentary  wedges,  and  D  -  the  separation  of  the 
beam  combiner  into  six  independent  facets  which  can 
be  translated  independently.  We  currently  use  opti¬ 
cal  wedge  prisms,  C,  although  an  automatic  path- 
length  compensation  D,  which  can  be  applied  in  the 
infrared,  is  in  preparation. 

In  order  to  compensate  the  elevation  dependent 
pathlength  changes  we  use  an  empirical  determina¬ 
tion  of  the  changes  vs.  elevation  angle.  This  is  done 
by  observing  a  number  of  stars  at  various  elevations 
between  25°  and  85°  and  obtaining  the  wedge  prism 
positions  (  with  a  0.18  /mi  resolution)  when  inter¬ 
ference  fringes  are  produced.  A  quadratic  fit  through 
these  points  is  then  used  to  model  the  variations.  The 
MMT  coalignment  computer  calculates  the  expected 
positions  of  the  prisms  at  the  instantaneous  elevation 
angle  during  the  observation. 


Figure  2:  Phasing  curve  for  mirror  pair  A-E  showing 
pathlength  change  as  a  function  of  elevation  angle. 

Apart  from  absolute  pathiength  changes  caused  by 
temperature  induced  focus  changes,  these  curves  are 
very  stable  during  an  observing  run  of  several  nights. 
Figure  2  shows  a  typical  phasing  curve  for  mirror  E 
with  respect  to  mirror  A.  A  worst  case  of  pathiength 
variation  of  ~  300  /rm  has  been  measured  for  a  60° 
change  of  elevation.  From  three  years  experience  the 
hysterisis  effects  appear  to  be  <  10  /un  and  from 
these  measurements  we  find  that  the  OSS  is  a  very 
stable  and  calibratable  platform. 

Recent  measurements  taken  in  October  L98(5  dur¬ 
ing  4  hours  of  conditions  with  stable  temperature 
show  that  the  pathlengths  were  successfully  predicted 
to  an  accuracy  of  ~  10  pm.  This  is  consistent 
with  the  accuracy  of  the  meas'ired  calibration  and 
the  amount  of  focus  change  expected  from  the  mea¬ 
sured  temperature  variations  of  <  0.1°C.  Further  im¬ 
provement  seems  possible  but  requires  more  accurate 
methods  of  focussing  the  individual  telescopes  and 
of  correcting  the  temperature  variations  in  the  OSS 
members.  We  have  recently  undertaken  a  program 
to  monitor  the  absolute  temperatures  and  temper¬ 
ature  gradients  throughout  the  OSS  in  an  effort  to 
improve  the  accuracy  of  our  open- loop  corrections. 
This  program  involves  the  installation  of  10  temper¬ 
ature  sensors  on  the  OSS  as  well  as  surveillance  of  the 
OSS  by  a  thermographic  infrared  camera  throughout 
the  night. 

The  role  of  the  temperature-induced  changes  in  the 
vertical  positions  of  the  secondary  mirrors  is  espe¬ 
cially  critical  since  the  structural  members,  which 


support  the  secondaries,  are  relatively  long  steel 
tubes  whose  lengths  vary  causing  a  pathiength 
change  at  the  rate  of  65  pm/°C.  Thus  it  is  important 
to  minimize  the  temperature  gradients  across  the 
OSS  so  that  the  foci  of  all  the  telescopes  will  change 
identically,  and  the  MMT  will  remain  in  phase.  Ex¬ 
perience  to  date  indicates  that  the  OSS  becomes  re¬ 
markably  uniform  in  temperature  (<  0.1°C)  approx¬ 
imately  two  to  three  hours  after  exposure  to  the  sky. 
A  wind  can  accelerate  this  effec..  This  performance 
is  the  result  of  the  low  emissivity  aluminum  coating 
surrounding  the  individual  structural  members  and 
their  small  thermal  inertias. 

PSF  Measurements 

To  confirm  the  ability  of  the  co-phasing  to  yield 
true  diffraction-limited  performance  we  applied  the 
weighted  shift-and-add  imaging  technique  [2.3]  to 
specklegrams  of  the  7  Orionis  at  a  number  of  band- 
passes.  Two  of  these  results  are  shown  in  Fig¬ 
ure  3  representing  the  extreme  range  of  our  inten¬ 
sified  video  speckle  camera  [4].  These  PSF’s,  at 
4100A/100A  and  8500A/100A,  show  the  expected 
diffraction-limited  beam  size.  However  the  detailed 
low  level  symmetrical  structure  of  the  PSF,  seen  in 
previous  results[4],  is  lost  in  the  measurement  noise 
at  the  detector’s  extreme  wavelength  range.  These 
PSF’s  demonstrate  the  ability  of  both  the  imaging 
algorithm  and  the  cophasing  to  operate  over  4400A 
range  of  wavelength.  Figure  4  also  shows  an  image 
of  7  Orionis  using  a  technique  known  aw  differen¬ 
tial  speckle  interferometry  (DSI)  [5],  discussed  below, 
along  with  the  corresponding  analytic  PSF. 

Images  of  a  Orionis 

We  have  obtained  diffraction-limited  images  of  the 
H a  envelope  of  a  Orionis  using  the  co-phased  beams 
and  the  DSI  technique.  This  technique  records  co¬ 
temporal  specklegrams  (short  exposure  images  less 
than  the  atmospheric  correlation  time)  of  the  object 
in  the  H r,  line  (6563 A)  and  the  nearby  line  blan¬ 
keted  “continuum”  (6569A),  each  with  a  bandwidth 
of  1.2A.  The  Ha  specklegrams  are  deconvolved  by 
the  continuum  specklegrams  to  remove  the  atmo¬ 
spheric  perturbations  and  produce  a  differential  im¬ 
age.  When  this  differential  image  is  convolved  with 
an  estimate  of  the  star’s  appearance  in  the  continuum 
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Figure  3:  Measured  PSF’s  of  the  co-phased  MMT  at 
4100A  (top)  and  8500A  (bottom). 

an  image  of  the  star  in  Ha  is  produced.  Continuum 
images  were  produced  bv  using  the  Fienup  phaseless 
image  reconstruction  technique  [6j. 

Figure  5  shows  the  continuum  image  of  a  Orio- 
nis  compared  to  the  restored  Ha  image.  The  a z- 
imuthallv  averaged  radial  profiles  of  this  and  a  sec¬ 
ond  continuum  image  are  consistent  with  a  radius  of 
R.  =  21  mas.  with  limb-darkening  0.6  in  accordance 
with  other  estimates  [7,8]  and  the  theoretical  work 
of  Tsuji  9].  The  low  level  features  in  the  continuum 
image  are  most  likely  either  systematic  artifacts,  due 
to  the  complex  MMT  PSF,  or  produced  by  second- 
order  seeing  calibration  errors.  The  Ha  image  clearly 
shows  the  extended  chromosphere  which  appears  to 
be  consistent  in  size  over  2  years  between  this  and 
the  second  observation.  This  is  further  illustrated 
in  Figure  6  which  shows  the  average  of  the  two  az- 
imuthally  averaged  radial  profiles  of  the  Ha  images. 
Comparison  of  this  profile  to  a  model,  developed  by 
Hartmann  &  AvrettflO],  indicates  that  the  chromo¬ 
sphere  is  more  extended  than  their  model  suggests. 
Wider  bandpass  observations  |2.sA)  obtained  at  the 
KPNO  tin  support  this  18].  A  more  thorough  discus¬ 
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Figure  4:  DSI  point  spread  functions.  Top  -  experi¬ 
ment,  bottom  -  theory. 

sion  of  these  results  is  given  by  Hebden  et  al.  [11], 

Images  of  A  Satellite 

The  geosynchronous  communications  satellite  FLT- 
SATCOM  was  observed  in  two  twenty  minute  data 
segments  using  the  co-phased  MMT  at  5500A/100A 
on  4  November  1985.  Images  of  the  satellite  were  ob¬ 
tained  using  the  Fienup  technique.  Figure  7  shows 
a  contour  plot  of  one  of  these  images  with  the  con¬ 
tour  levels  at  1,  2,  . . .  ,  6  times  the  RMS  background 
noise.  An  approximate  representation  of  the  outline 
of  the  object  is  shown  for  comparison.  The  second 
twenty  minute  data  segment  result  is  comparable  to 
the  first.  At  this  distance  the  beam  size  (FWHM) 
is  —  3  meters.  The  object’s  size  was  estimated  to 
give  a  major  axis  of  13.0  (±  2.3)m  and  a  minor  axis 
of  7.4(  ±  2.3)m  with  a  precision  of  75%  of  the  beam 
size.  Despite  the  noise  in  the  reconstructed  image 
(RMS  background  -  1/6  peak)  the  asymmetries  of 
the  object  are  clearly  seen. 
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Figure  5:  Images  of  a  Orionis.  Top  -  continuum 
(6569 A),  bottom  -  Ha  (6563 A). 
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Figure  7:  Reconstructed  image  of  FLTSATCOM 
compared  to  the  object’s  outline. 
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Abstract 

noth  video  raster  detectors  and  newly  developed  2-D  photoelectron  event  locators  are 
now  employed  to  collect  data  at  large  astronomical  telescopes  for  diffraction  limited 
optical  imaging  by  a  number  of  speckle  interferometric  techniques.  The  Knox-Thompson 
algorithm  is  among  the  best  understood  of  these  techniques.  The  image  amplitude  and 
phase  integrations  required  for  its  implementation  can  be  accomplished  directly  in 
e v en t -coo r d i na t e  space  (in  the  extreme  photon- 1 imited  case)  more  efficiently  than  in  the 
more  conventional  Fourier  transform  space.  We  describe  hardware  to  accomplish  the 
integrations  required  for  Knox-Thompson  image  reconstruction  in  real-time  at  the 
telescope,  thus  alleviating  the  principal  data  processing  bottleneck  in  the  present 
applications  of  diffraction  limited  astronomical  imaging.  Parallel  digital  recording  of 
the  photon  coordinate  lists  permits  subsequent  off-line  re-analysis  of  the  data  by  other 
methods  if  desired.  The  basic  system  consists  of  hardware  to  localize  discrete 
photoelectron  responses  in  a  CCD  TV  raster  and  for  accumulation  of  the  complex 
au t jco r r e 1 oq r am  .  A  generalization  of  the  system  can  integrate  triple  correlations. 

Introduction 

Hisen^on  and  Papal  lolios1  discussed  the  discrete  photon  realization  of  the  Knox- 
Thompson"  image  reconstruction  method  and  the  Poisson  noise  limits  applicable  in  the 
faint,  obiect  limit.  Three  products  of  the  form 

P ( Au)  =  <1  *  <U) • I  <U  +  Au) >  (1) 

must  he  averaged.  Au  -  A  u  f  t-AvJ  is  a  frequency  shift  in  the  image  Fourier  transform 
plane.  The  three  products  correspond  to  i)AU  =  0  (power  spectrum),  ii)  au  =  jui  (u- 
shifted  cross  spectrum),  and  iii)  Au  =  »  v)  (v-shifted  cross  spectrum).  in  the  discrete 
photon  case,  these  products  are  noise  biased  estimators  (Photon  detection  Poisson 

statistics)  . 

P(  ul  =  <  |  L>  <  u  ; '  u )  |  2  >  (N  +  N2  <exp  [  ju  -«k  ]  exp  [  -  j  (  u  +  u)-*1)>)  (2) 

where  (x^),  {  x  ^  )  are  the  set  of  photon  addresses  for  the  nth  specklegtam  containing,  on 

the  average,  n  photons.  when  N  is  small  it  is  more  efficient  to  compute  in  image 
(coordinate)  space  than  in  transform  (coordinate-1  «  frequency)  space.  The  discrete 
Fourier  transform  (DFT)  of  the  products  (2)  are  autocorrelations  (histograms  of  the 
differences  (  x  k  -  Xj})  weighted  by  the  factor  exp  ( -  jA  u  •*  j  ) .  In  the  usual  case,  |a  u  |  «  1 

pixel-1  =  2r/L  if  L  is  the  size  of  the  DFT.  The  weighting  factor  can  be  expressed  as 

exp  (  -  ]•  u  •  x  |  )  =  cos(2  i  x  j  /  L )  +  j.  sinUuX^/L).  Thus  there  are  three  coordinate  space 

histograms  to  be  computed: 

g(X;8)  *  N  2  exP<  *i  /L).  5<*i,  -  X,  -  x)  (3) 

k.l 

where  s  =  0  is  the  autocorrelation  function 

s  =  1  is  the  x-shifted  cross  correlation 
s  «  ^  is  the  y-shifted  cross  correlation. 

System  Requirements 

The  objective  is  to  produce  a  real-time  realization  of  (3)  suitable  for  photon-noise 
limited  observations  (faint  object  case)  using  conventional  video  technology  and 
conventional  digital  technology.  The  Digital  Television  Imagery  DTI-10  vector 
autocorrelator  ,  presently  used  by  McAlister*,  is  the  conceptual  starting  point. 

We  require  an  optimized  photon  event  localizing  detector  with  high  quantum 
efficiency,  low  geometric  distortion,  lag-free  response  and  a  stable  PSF.  For  high 
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quantum  efficiency,  a  high-gain,  low-noise  image  intensifier  with  a  good  pulse-height 
distribution  feeding  a  stable,  low-noise  video  detector  is  required.  In  order  to 
preserve  time  resolution  (commensurate  with  the  atmospheric  correlation  time),  events 
must  be  localized  to  one  video  frame.  Address  localization  is  required  to  avoid 
multiple  detection  of  events  so  that  the  number  of  events  counted  is  accurately  equal  to 
the  number  of  actual  photons  detected.  A  very  stable  PSF  is  required  as  argued  in  a 
companion  paper5.  This  places  very  strong  constraints  on  the  photon  event  detection 
technology,  requiring  negligible  geometric  distortions  in  the  image  intensifier  and  low 
read-out  noise  and  high  stability  in  the  video  camera. 

Proposed  Systea 

The  system  proposed  will  feature: 

1.  Proxitronic  image  intensifier  system6 

2.  CCD  TV  -  Pulnix  (Sony) 

3.  Anti-aliasing  filter 

4.  No  AGC :  D.C.  coupled  video 

5.  8-bits  A/D  conversion  at  2x  pixel  rate 

6.  Digital  filter:  2x  back  to  lx  pixel  rate 

7.  Full-frame  subtract  -  for  event  localization 

8.  Digital  video  processor  -  for  real-time  integrations 

9.  Event-list  data  logging  for  off-line  ( re ) pr ocess i ng 

A  five-stage  prox imi ty- f ocus  image  intensifier  is  required  to  assure  quantum- 1 im i ted 
single-photon  detection  capability.  P r o x i mi t y - f ocu s  technology  is  required  for  low 
geometric  distortion  and  for  the  good  pulse-height  distribution  required  for  high 
quantum-efficiency  event  detection.  The  development  of  such  a  detector  has  been 
described  by  Cromwell  et  a_l.  elsewhere6. 

The  digital  video  system  is  shown  in  block  outline  in  figures  1  and  2. 


Figure  1.  The  CCD  TV/Digital  Video  event  nn'sctor  ls  shown  as  three  subsystems.  Left: 

Raw  digital  video.  Right:  Full-frame  video  difference. 

A  CCD  TV  is  required  for  good  geometric  fidelity  and  stability.  The  system  must  be 
operated  synchronously  to  assure  one- video-output-pixel  to  one-physica 1-CCD-pixe  1 
correspondence.  A  synchronous  system  with  an  anti-aliasing  filter  (including  correlated 
double  sampling)  and  which  rigorously  preserves  the  DC  levels  at  the  input  of  the 
Analog-  .o-Digital  (A/D)  converter  as  well  as  digital  output  filtering  is  essential  for 
low-noise  operation  and  PSF  stability.  The  digital  video  sync,  derived  from  the  CCD 
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camera  driver,  consisting  of  H,  V  and  Pixel  Clock,  is  used  to  generate  the  digital  video 
addresses  required  for  fully  synchronous  operation  of  the  entire  digital  video 
processing  system.  Synchronous  operation  is  required  to  maximize  processor  throughput 
as  well  as  to  maintain  rigorous  correspondence  of  the  digital  video  pixels  to  their 
physical  origins  in  the  camera. 

Full-frame  subtraction  is  necessary  to  force  video  black  level  to  digital  zero.  It 
is  also  necessary,  in  a  video  system  reading  output  responses  with  non- neg 1 1 g ib 1 e  rise 
times  and  long  decay  times,  to  inhibit  multiple  detection  of  photon  events  so  that  the 
very  accurate  noise  bias  estimates  required-1  may  be  determined.  In  order  to  assure 
localization  of  events  in  the  proper  video  raster,  further  comparator  logic  is  required 
to  detect  the  events  in  only  the  raster  in  which  their  maximum  response  occurs.  This  is 
necessary  to  preserve  the  temporal  correlation  of  the  speck  1  eg r ams. 

The  primary  digital  video  unit,  fiqure  1  left,  is  a  stand-alone  unit  located  at  the 
camera  head  to  assure  vicieo  fidelity.  The  raw  digital  video  is  coupled  to  the  full- 
frame  digital  video  difference  unit,  fiqure  1  right,  using  dual  differential 
transmitters.  The  video  difference  unit,  as  are  all  of  the  following  digital  video 
processors,  is  to  be  supported  on  a  VMEbus  MC68000  hosted  microprocessor  system. 

The  full-frame  subtract  is  accomplished  by  video  multiplexing  of  two  video  frame 
t'jffers.  The  digital  memories  required  for  the  double-buffered  full-frame  subtract  can 
be  very  economically  realized  using  contemporary  video-raster  optimized  dynamic  RAM. 
Tne  cost  of  this  memory  is  no  longer  a  significant  limiting  factor  in  the  design  of  such 

a  system. 

A  two-dimensional  spatial  filter  at  the  video  difference  output  can  be  programmed  by 
the  host  to  be  either  high-pass,  neutral  or  low-pass.  For  the  event  localization 
application  being  proposed  here,  high-pass  filtering  will  enhance  the  small-area 
photoelectron  peaks.  This  will  aid  in  discriminating  partially  overlapping  peaks.  For 
other  applications  in  which  the  analog  video  amplitudes  are  required,  low-pass  filtering 
can  smooth  the  individual  photoelectron  responses  commensurate  with  the  resolution  of 
tr.e  imaging  system. 

Monitors  ooth  for  the  raw  digital  video  camera  output  and  for  the  filtered  video 
difference  output  are  driven  by  analog  multiplexors  which  produce  RS-170  video  output 
with  composite  sync  restored  from  the  system  H  and  V  and  analog  video  from  D/A 
synchronized  by  the  Pixel  Clock. 

The  event  localization  algorithm  is  a  3x3  realization  of  the  6x5  event  localization 
technique  developed  at  Kir  t  Peak  as  the  primary  event-detector  for  the  photon- 
,-eur r o i d i eg  camera  also  described  in  this  conference7.  The  pi xe 1  -  unde r - test  (PUT)  lags 

the  current  pixel  (CP)  from  the  camera. 
The  3x3  matrix  ALU  is  fed  the  appropriate  9 
pixels  from  a  three-line  ram.  An  event  is 
detected  at  the  PUT  for  which  the  central 
pixel  response  exceeds  the  eight  nearest 
neighbor  responses  in  the  3x3  detection 
matrix  which  is  scanned  through  the  video 
raster  so  that  the  position  of  CP  is 
maintained.  The  event  is  further  validated 
by  requiring  that  it  only  be  detected  in 
the  frame  for  which  its  response  is 
maximum.  The  full-frame  comparator  is 
required  because  the  threshold-qualified 
decision  on  maximum  cannot  be  made  until 
one  frame  after  that  in  which  the  peak 
occurred  when  the  decay  is  detected  by  a 
digital  comparator.  The  Events  List  output 
is  the  digital  X,Y  address  of  PUT  and  the 
previous  frame  number  (time). 

Such  a  detection  process  has  a  unique 
non-de 1 ta-f  unct ion- 1  ike  signature  (PSF). 
Although  the  event  is  detected  uniquely  on 
only  one  pixel,  two  events  can  never  be 
detected  on  adjacent  pixels  --  a  minimum 
must  be  detected  to  define  two  adjacent 
maxima.  We  have  simulated  this  event 
detection  scheme  in  our  present  video 
raster  system.  The  events  are  localized  to 
■  ■  ;  .t»  ...  t  vent,  detect  .a:,  .oq.w.  one  pixel  along  the  raster  lines  with 
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hardware0  (a  digital  comparator)  and  the  multiply  detected  events  are  localized  to  a 
single  line  in  software  during  subsequent  data  reductions.  The  characteristic  signature 
of  the  PSF  for  detection  of  events  which  produce  responses  on  more  than  one  pixel  in  a 
video  raster  is  strongly  evident  in  both  the  autocorrelation  function  ( A C F )  and  the 
power  spectrum  (PS)  as  shown  in  figure  3.  In  the  ACF,  no  signal  is  detected  at  |r|  =  1 
since  for  detection  of  adjacent  maxima  there  must  be  an  intermediate  minimum  at  least 
one  pixel  broad.  This  produces  the  corresponding  cosine-like  dip  in  the  PS. 


0  64  128  192  256  -20  0  +20 

Pixels  Spatial  Frequency  (Cycles/sec) 


Figure  3.  Lef t :  Autocorrelation  function  with  noise  bias  (spike  at  128)  and  PSF  (dips 

at  127  and  129)  signature.  Right:  Corresponding  power  spectrum  for  pixel- 
unique  raster  event  detector.  Data  from  double-slit  calibrator  in  pupil. 

Experiments  with  this  software  simulation  have  shown  that  the  detailed  shape  of  this 
noise  bias  function  (figure  3.)  is  also  signal  rate  dependent5  (Probably  due  to  rate- 
dependent  errors  in  resolving  the  "adjacent  photon"  problem).  It  remains  to  be 
determined  if  this  is  a  limiting  factor  in  the  effectiveness  of  such  a  system  in  the 
faint  object  case  for  which  this  system  is  expected  to  be  most  effective. 

RS-170  analog  video  to  drive  monitors  monitors  is  useful  to  assure  valid  performance 
of  the  video  pt e- pr ocessor s .  The  extra  memory  required  for  an  event  buffer/video  scan 
converter  is  a  small  increment  to  the  total  cost  of  the  system. 


Pigure  4.  Data  archiving  subsystem. 
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The  addition  of  autoguiding  to  the  integrating  frame  buffer  accumulating  the  output 
event  data  can  also  be  of  use  in  seeing  compensation’-11.  Double-buffered  data-logginq 
(with  frame  sequence  identification)  assures  loss-free  capture  of  the  unprocessed 
specklegrams.  Nine  track  magtape  at  1600bpi  can  accommodate  the  data  rates  of  P20 
phosphor  image  intensifiers  read  out  by  60Hz  video  raster  event  detectors.  This  data- 
archiving  subsystem  is  outlined  in  figure  4.  It  can  be  controlled  by  the  microprocessor 
required  as  host  for  speckle  camera  and  digital  video  processor  control. 

The  digital  processor  must  accumulate  quantities  from  which  image  phase  information 
as  well  as  image  amplitude  information  can  be  recovered.  It  should  be  a  parallel 
processor  in  which  the  additional  tasks  are  accomplished  at  no  further  cost  in  execution 
time.  Fully  synchronous  operation  of  a  static  RAM  memory  system  with  pipelined 
computations  is  required. 

The  algorithm  to  be  aacomplished  is  shown  schematically  in  figure  5.  The  control 
logic  is  identical  to  that  required  for  accumulation  of  the  conventional  vector  (event 
address  differences)  autocorrelation  histogram1'4.  The  new  compu t a t l ona 1  elements  are 
the  four  sin/cos  calculations  and  the  four  new  2-D  result  accumulations.  The  sin/cos 
calculations  can  proceed  in  parallel,  pipelined  to  follow  immediately  the  outer  loop 
data  fetch.  Since  all  of  the  new  cross  correlation  (XCOR)  accumulations  occur  at  fixed 
address  offsets  from  the  autocorrelation  accumulation  (figure  6)  all  of  the  address 
offset  calculations  can  occur  in  parallel  so  that  in  the  next  cycle  all  of  the 
r " ad / add /wr i te  data  accumulations  can  occur  in  parallel. 

The  expected  performance  of  this  system  can  be  predicted  using  the  performance  of  the 
existing  DTI-10  as  a  benchmark.  The  input  array  size  is  256x256  pixels  sampled  over  a 
square  1x1  aspect  ratio  centered  in  the  4x3  standard  video  raster.  The  x-Y  address  of 
each  detected  pixel  is  entered  into  a  4K  RAM  list.  The  DTI-10  calculation  array  is  a 
subset  of  the  full  512  horizontal  by  256  vertical  ACF  field  of  a  256  x  256  input  field. 
Trie  present  DTI-10  accumulates  ACF's  128x64 xl6bits  deep:  we  propose  enlarging  this  to 
2 56  x  1  2 8 x 2 4  D i t s .  This  array  can  be  placed  anywhere  in  the  full  5  12  x256  ACF  field.  ACF 
display  is  enhanced  by  a  reflection  circuit  that  gives  it  the  full  symmetry  and 
appearance  of  a  512x512  field. 

The  DTI-10  was  implemented  using  static  RAM’s  in  a  fully  synchronous  system  operating 
at  100ns./cycle.  At  that  rate  real  time  can  be  maintained  at  60Hz  video  field  rate  when 
less  than  640  events/frame  are  detected.  This  is  a  rather  good  match  to  the  rate  at 
which  events  can  be  detected  as  discrete  responses  in  a  60Hz  video  raster.  Obviously, 
it  is  inadequate  to  keep  up  with  the  higher  event  rates  possible  with  other  digital 
camera  techniques11'11. 


Conclusions 

Given  the  present  availability  of  2Kx8  !8KxB  anticipated  soon)  15ns  SRAM,  it  appears 
reasonable  to  expect  50ns  operation,  in  which  case  the  maximum  throughput  is  increased 
to  about  900  events/frame  or  about  5xl0’/sec  which  will  be  adequate  to  keep  up  with 
real-time  data  rates  for  objects  mv  =  10  or  fainter  with  telescopes  as  large  as  the  MMT. 
This  includes  most  of  the  interesting  objects  for  which  long  integrations,  and  therefore 
expensive  off-line  reductions,  are  required.  For  brighter  objects,  analog  video 
amplitudes  requiring  full-frame  F FT  processing  are  more  appropriate. 

With  our  reservations  about  the  performance  of  the  K no x -T hompson  method  lour 
companion  paper1),  we  note  that  the  Knox-Thompson  integration  proposed  here  is  a  subset 
of  the  integrations  required  for  the  more  rigorous  triple  correlation  reductions 
proposed  by  Lohmann,  weigelt  and  Wirnitzer14.  In  that  method  the  four-dimensional 
expression  (3)  expands  by  allowing  s  to  span  the  same  space  as  x.  In  that  case  n1 
complex  integrations  (xl,yj)  are  required  rather  than  the  two  (i,5)  required  for  Knox- 
Thompson  processing.  We  have  noted  elsewhere11  that  the  amplitude  of  the  complex 
correlation  falls  off  on  the  scale  of  the  object  being  imaged.  Thus  triple  correlation 
methods  spanning  a  space  small  compared  to  n  ,  but  significantly  larger  than  two,  might 
prove  to  be  an  optimal  approach  for  compact  objects  (e.g.  asteroids,  bright  stars,  etc.) 
or  for  extended  objects  with  bright,  compact  components  (e.g.  active  galactic  nuclei). 
The  system  proposed  here  can  easily  be  expanded  to  this  larger  problem:  all  it  costs  is 

t  y  . 
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Outline  of  Discrete  Photon  Knox-Thompson  Integration  (Complex 
Autocot  re logram,  CA).  The  parallel  (concurrent)  operations  in  the  double- 
lined  boxes  are  the  new  additions  to  the  basic  existing  DTI-10  vector 
au tocor r e 1 ogr am  integrator4.  L  is  the  array  size  (=256),  n  is  the  number  of 
events  detected,  FWA  is  the  address  of  the  input  list,  and  ACF(0,0)  is  the 
address  of  the  integrator  memory,  figure  6. 
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Co-Phasinq  and  Co-Aliqninq  the  Multiple  Mirror  Telescope 
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Abstract 

The  Multiple  Mirror  Telescope  is  an  array  of  six  1.8  m  diameter  folded  Cassegrain 
te'escopes  used  to  achieve  the  -ollectinq  area  equivalent  *■  o  that  of  a  telescope  with  a 
single  4.5  m  primary  mirror.  For  most  applications,  the  six  images  are  oo-alianed  in  such  a 
way  that  overlapping  images  appear  to  result  from  a  single  telescope.  Another  application 
requires  that  the  wavefronts  frcm  all  six  telescopes  be  co-phased  within  1  micron, 
concurrent  with  co-alignment.  hus  paper  describes  the  successful  operation  of  the  co¬ 
alignment  and  co-phasing  capabilities,  the  control  system  and  devices  used  in  the 
app l i ca t ions ,  and  test  results  to  date. 


General  description 


The  Multiple  Mirror  ‘relesc-'ne  ( MMT ) 
(Figure  1)  uses  six  separate  1.8  m 
telescopes  whose  light  is  hrouaht  to  a 
common  focal  point  to  achieve  the 
effective  optical  light  -ollecton 
aperture  of  a  single  4.5  m  primary  mirror, 
making  the  MMT,  at  this  writing,  the  third 
largest  optical  telescope  in  the  world.  A 
co-alignment  system,  called  the  Telescope 
(realignment  System  (TCS),  permits  precise 
measurement  of  imaae  positions  from  each 
of  the  six  telescopes  and  repositioning  of 
the  images  as  required.  A  second 
alignment  system,  caLled  the  Telescope 
Phasing  System  (TPS),  co-phases  the  six 
separate  wavefronts  to  the  limits  imposed 
by  the  atmosphere  and  the  diffraction 
Limit  of  the  telescope.  TCS  and  TPS  are 
described  in  previous  SPIF 
proceedings ^ ^  but  both  are  summarized 
here  for  convenience. 

Tertiary  mirrors,  one  mounted  above 
each  primary  mirror,  relay  images  from 
each  of  the  six  telescopes  to  a  beam 
combiner  at  the  center  of  the  •-“lesccpe 
cluster  (Figure  2),  which  is  called  the 
optics  support  structure  (r>ss).  The  beam 
combiner  has  six  reflecting  facets,  each 
one  of  which  relays  a  separate  telescope 
beam  to  the  focal  plane  136.47  :m  below 
the  beam  combiner.  A  tilteo  reflective 
surface  at  the  focal  plane,  typically  the 
aperture  plate  on  a  spect rograph ,  reflects 
the  overlaying  fields  from  all  six 
telescopes  to  a  package  containing  ’■he 
ob-ject  acquisition  cameras,  called  the 
"top  box . " 

The  overlaying  fields  are  reimaged  at 
an  acquisition  TV  camera  in  the  top  box. 
Composite  video  from  the  camera  is  fed  t o 
a  video  digitizer,  in  this  case  a  Gnnnell 
GMP270.  The  Grinnell  feeds  digitized 
video  to  a  computer  system  on  lomand  in 
small  regions.  Generally,  3ix  lata 
regions  are  requested,  one  for  'ach  '.mage. 


Fiqure  1.  The  Multiple  Mirror  Telescope 
is  situated  on  8600'  Mt  .  Hopkins  south  of 
Tucson,  Arizona,  in  a  55’  high  rotating 
building. 


Figure  2-  A  cress  section  of  tf,e  MMT 
Telescope  Co-alignment  System  and 
Telescope  Co-phasing  System. 
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“rhe  TCS  '^mputpr  routine  determines  the  image  positions  from  the  'Uaitizei  video  isinq 
i  -entrrtidinq  algorithm.  Armed  wi-h  ‘■he  known  positions,  -h*»  TCS  '.’omputer  can  change  the 
:'"aqe  positions  at  ‘he  foca  !  pi  me  hy  commanding  secondary  mirror  tilts  in  either  of  two 
^rthoacnal  axes.  The  primary  mirror,  tertiary  mirror,  beam  combiner,  and  foca]  plane  are 
a ’ l  stationary  surfaces:  active  control  of  image  position  is  accomplished  solely  by  tiltmq 
*'e  cor r espond i nq  secondary  mirror  surface.  The  motion  is  accomplished  using  steppinq 
"  ’■Ar*i  Irrnnn  a  mi^r ^m»»- »r  ►hrounh  \  110:1  near  reducer:  resolution  of  the  motion  is  0.06 
1’tsec^nd  per  stepping  motor  step.  <~p_*  j  { anment  ,  once  established,  is  maintained 
automatically  under  'omputer  'ontr-'l  . 

C~-phasinq  is  accomp 1 i she,}  by  chanqing  the  path  lenoth  ^f  each  telescope  with  a  pair  of 
3  ass  wedges  insert*'*  :n  -he  upticil  path  immediately  in  front  of  each  beam  combiner  fac«t . 

A  stepping  mot  translates  one  wedge  with  respect  to  the  other  to  change  the  primary  tc 
f  cal  plane  path  lenath  of  that  telescope  in  0.18  micron  increments.  An  intensified  video 
sreckl®  tamer  a  mounted  in  the  Inferential  speckle  interferometer  instrument  produces  video 
sreck  1 -»grams  which  are  visually  inspected  for  interference  frinaes  between  telescope  pairs’*  • 
'•nee  -he  fringes  indicate  -hat  the  telescope  pair  is  co-phased,  the  wedges  are  manually 
t -’mmanded  to  move  un-il  the  fringes  appear.  The  frinoes  can  then  be  maintained  under  either 
manual  ~»r  computer  control. 


Passive  co-alignment 

'nek ina  errors,  ‘hat  is,  unexpected  movement  of  an  obtect  -he  focal  plane,  at  -he 
MMT  are  quite  small  ( ° • l  to  0.2  ar  seconds  RMS  at  trackinq  velocities  under  1  areminute  per 
"-~”Ond>,  and  pointing  errors  all  across  the  sky  rarely  exceed  an  arcsecond.  The  dominant 
rcr  m  tracking  an  ^biect  is  the  difference  in  mechanical  flexure  between  the  six 
-■■’•screes.  rl*xure  the  »ntir*»  'SS  is  corrected  by  pointing  coefficients.  To  correct 
f  r  differential  flexure,  coefficients  a  quadratic  equation  are  determined  from  empirical 
"'usuremenn  made  on  thr«e  stars.  The  equations,  one  for  each  axis  of  each  telescope,  are 
ned  while  trackinq  to  predict  the  secondary  mirror  tilts  required  to  correct  for  flexure. 

Ideally,  flexure  corrections  applied  to  the  individual  -elescopes  will  cause  the  seeinq 
l;sk  of  an  object  composed  of  the  -'verlayina  fields  to  be  no  larger  than  the  seeing  disk  jf 
e  same  object  on  a  single  telescope.  The  seeinq  disk  is  -he  apparent  diameter  of  an 
object  caused  by  diffusion  of  the  light  through  the  atmosphere.  In  practice,  atmospheric 
turbulence  causes  variations  in  -he  seeing  disks  and  imaae  motions  between  telescopes.  The 
r  ■  ■  n  □  n  i  formity  of  the  3eeina  phenomena  plus  small  errors  in  the  predicted  corrections  renders 
passive  co-alignment  unusable  for  Lmagery,  that  is,  taking  pictures  of  overlayma  star 
f’elds  using  long  integrations.  however,  passive  co-alianment  is  adequate  for  spectroscopy 
where  the  bulk  of  the  Light  from  aach  image  must  only  pass  through  an  aperture  nominally  one 
arcsecond  in  diameter. 

Co-alignment  is  a  misnomer  for  much  of  the  MMT  operation  because  it  implies  the  imaqes 
always  exactly  overlay.  Tc  overcome  the  large  focal  plane  scale  '3.58  a r csecond /mm ) 
produced  by  the  f/32  1.8  met*»r  telescopes,  much  of  -he  spectroscopy  is  dene  with  the 
:ndivifua>  focal  plan**  images  nar-ially  separated  so  -hat  -he  six  imaoes  pass  throuah 
■;*'P-ara-**  Leng*s  at  the  focal  plane.  The  lenses  redireot  •aach  telescope  beam  down  a  common 
or-- i  cal  axis  and  ano-l  or  lens  reoonverts  -he  beam,  which  beaan  as  an  unfilled  £/Q  beam,  to  a 
c '  1 1 ed  f  ?  one.  •  The  ^or r **c- ions  imposed  by  co-alignment  minimize  -he  amount  of  hand 
guiding  required  to  keep  each  image  on  its  respective  lens. 

successful  co-alignment  using  predicted  differential  flexure  corrections  depends  on 
structure  stiffness  in  the  pr®spnc<?  of  a  80°  variation  in  gravitational  loading.  The 
flexures  must  repeat  well  and  present  minimal  hysteresis.  Fiaure  3  shows  that  the  flexure 
m  elevation  cay  be  as  much  as  20  arcseoonds  as  -he  OSS  moves  from  zenith  to  horizon.  In 

addition,  th«*  telescopes  -at  the  side  of  the  cluster  (A,  F,  0,  and  D)  diverge  outward  as  much 
as  3n  arcseoonds  over  the  same  range.  The  curves  repeat  and  maintain  their  characteristic 
shapes  over  a  Iona  period  of  time.  The  iifference  in  amplitude  between  curves  of  data  taken 
in  uily  and  November  is  thought  to  be  caused  by  differences  in  temperature.  Experience  has 
sv'vvn  -hat  -he  ’‘flexure  coefficients”  must  be  updated  seasonally  and  after  major  optical 
adjustments.  The  -racking  errors  -hat  occur  with  co-alignment  imposed  are  illustrated  in 
F :  mir*  i . 


Automatically  guided  co-alignment 

~h*»  ton  cox  and  ^CS  may  be  used  to  automatically  guide  -he  six  telescopes.  For 
ap«-- r ^srooy  m  which  each  telescope  imaqe  is  sent  through  a  separate  aperture,  as  described 
at  T/o  ,  TCS  is  used  -o  measure  the  spilled  -over  liqh-  in  four  quadrants  around  '-he  six 
i  instrument  ap**r  Mjr«s  and  s**nd  the  necessary  corrections  to  f  he  appropriate  secondary  mirror, 
-hereby  forcing  -he  object  -o  remain  centered  on  the  aperture.  Where  only  one  aperture  is 
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F  io'ire  3.  Differential  flexur®  of  telescopes  measured  from  near  zenith  to  10°  elevation 
and  return,  by  measuring  pointing  errors  of  stars  at  different  elevations  with  pointing 
corrections  applied  but  not  differential  flexure  corrections.  Figure  on  left  shows  the 
flexure  in  elevation  as  a  function  of  OSS  elevation,  while  the  figure  on  the  right  shows 
the  flexure  in  azimuth  as  a  function  of  OSS  elevation. 


used  or  where  multiple  apertures  are  too 
close  together  at  the  telescope  focal 
plane  to  resolve  the  spilled-over  light 
from  the  individual  telescopes,  an  array 
of  six  wedge  prisms  may  be  inserted  at  the 
pupil  plane  in  the  top  box  causing  images 
which  are  superimposed  in  the  telescope 
focal  plane  to  be  clear Ly  separated  in  the 
transferred  top  box  focal  plane.  The  pie¬ 
shaped  wedges  form  a  circular  array  with 
one  wedge  used  for  each  telescope. 
"?cilled-ovsr  light"  automatic  co- 
alignment  has  been  used  routinely  since 
January  1986. 
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Because  of  the  stringent  co-alignment  orcsec  “  'l',u"Dn 

tolerance  required  to  achieve  seeing  I  __r, - 

limited  imagery  at  the  MMT,  it  is  not  .  I  .  i 

practical  to  carry  out  such  co-alignment  0  Z  4  6  3  '0  12  14 

manually  and  automatic  co-alignment  is  Minutes 

required.  Typically,  the  motion  of  an 

image  offset  from  the  one  of  scientific  Figure  4.  Relative  movement  of  telescope 

interest  is  measured,  and  corrections  are  images  measured  3fter  a  "stacking" 

applied  to  the  secondaries  accordingly.  operation  with  predicted  corrections  for 

For  this  operation,  an  image  in  the  field  flexure  applied, 

is  selected  for  guiding.  The  wedge  prisms 
are  inserted  to  separate  the  individual 

telescope  images  in  the  TCS  acquisition  camera  focal  plane,  and  TCS  is  used  to  calculate  the 
individual  centroids  of  the  separated  images.  Commands  to  the  secondary  mirrors  are  issued 
to  force  the  centroids  to  remain  at  an  initial  startina  point.  To  obtain  the  scale  required 
for  measuring  the  centroid,  a  lens  in  the  top  box  acquisition  optical  path  produces  a  field 
of  90  arcseconds  for  the  acquisition  camera,  yieldinq  a  scale  of  six  pixels  per  arcsecond. 

To  permit  selection  of  the  90  arcsecond  seament  from  anywhere  in  the  MMT  4  arcminute  field, 
a  pair  of  achromatic  wedge  prisms  (AWP's),  located  at  the  pupil  plane  in  the  top  box,  rotate 
with  respect  to  each  other,  thereby  steering  the  portion  of  the  optical  beam  desired  to  the 
camera.  Imagery  presumes  the  fields  for  all  six  telescopes  are  confocal  across  the  full 
diameter  of  the  field.  Offset  automatic  guiding  was  successfully  used  in  June  1986  and  is 
available  for  routine  use.1’ 
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Figure  4.  Relative  movement  of  telescope 
images  measured  after  a  "stacking” 
operation  with  predicted  corrections  for 
flexure  applied. 


Figure  5  shows  the  results  of  automatic  guiding  during  a  20  minute  integration  with  a 
-fn  camera.  The  images  are  round  and  their  measured  diameters  are  no  larger  than  that 
exoected  from  a  single  telescope, 
lolicatinq  that  the  fields  remained  co- 
i I iqned  durinq  the  entire  integration. 

Automatic  guiding  corrects  fcr 
-ticking  errors  and  mount  pointing  is  well 
is  flexure:  however,  the  tracking  and 
pointing  errors  are  small  as  explained 
earlier.  All  corrections  are  sent, 
therefore.  to  the  secondary  mirrors  alone 
rather  "han  a  combination  of  mount  drives 
ind  secondaries.  The  *00  arcsecond  tilt 
range  of  the  secondary  mirrors  is 
sufficient  to  oermit  correction  of  the 
flexure  errors  currently  beina 
encountered.  Some  translation  of  the 
secondaries  occurs  with  the  tilt 
torrections  so  that  collimation  errors 
croin  to  appear  beyond  a  til-  diameter  of 
ib-ut  200  arcseconds.  Corrections  for 
flexure  are  well  within  this  range. 

The  rate  for  corrections  is 
theoretically  limited  to  30  Hz  l-y  -he 
ft  ure  rate  of  the  composite  video  from  the 
i.  tuis.-ion  T' *  •  however,  the  phosphor  on 
the  in-ensifier  stage  of  the  acquisition 
camera  has  a  slower  time  constant.  Even 
slower  is  the  TCS  computer  which  permits 
corrections  no  faster  -han  3  Hz  with 
current  coding.  In  practice,  the  limit  is 
the  brightness  of  the  juide  star  ^r 
sp i 1  led -over  light.  "sualty  an 
integration  of  a  second  or  two  is  required 
for  each  measurement  so  that  corrections 
ire  issued  only  at  a  1  or  n.5  Hz  i-ate. 

Fortunately,  tracking  errors  faster  than 
0 ■ 5  Hz  ire  of  low  amplitude  and  the 
relatively  slow  correction  rate  is  much  faster  than  flexure  changes.  Corrections  for  image 
-ction  as  a  result  of  variation  in  seeing  conditions,  or  ’image  shrinking,"  is  expected  to 
require  a  correction  rate  of  10  Hz  or  faster.  Assuming  the  TS  computer  and  code  were 
jp  lated  to  permit  centroid  calculations  at  this  rate,  the  obiect  being  measured  would  have 
he  hriahter  than  If  -  16  maqmtude  for  the  acquisition  camera  currently  in  use  to 
levelcr  sufficient  contrast  for  measurement. 

Tilting  -he  secondaries  moves  the  images  at  the  focal  plane  but  has  negligible  effect 
cn  the  pupil  positions  at  -he  top  box  pupil  plane.  Movement  of  the  focal  plane  caused  by 
flexure  of  the  instrument,  conversely,  has  negligible  effect  on  the  image  positions  at  the 
inquisition  camera  focal  plane  but  has  a  dramatic  effect  on  -he  positioning  of  the  pupils  as 
they  overlay  -he  wedae  prism  array  mentioned  earlier.  The  instrument  must  be  carefully 
alianed  and  focal  plane  flexure  minimized  when  the  wedge  prisms  are  in  use:  otherwise,  the 
pupils  will  vignette  or  3pill  over  on  a  neighboring  prism  and  compromise  automatic  guiding.^ 

Field  rotation  inherent  in  an  altitude-azimuth  mount  is  compensated  for  by  the  co- 
rrtation  of  the  instrument,  AWP 1 s ,  and  wedge  prism  array  proportional  to  the  parallactic 
angle.  The  optical  components  in  the  top  box  are  controlled  precisely  with  stepping  motors 
and  torque  motors  via  the  TCS  computer.  The  rotations  must  have  a  sufficient  dynamic  range 
to  track  the  rotating  field  over  a  velocity  range  of  o-h0  areminutes  per  second.  The 
instrument  rotator  should  have  a  resolution  of  motion  such  that  an  image  at  the  edge  of  the 
field  on  the  focal  plane  may  be  tracked  to  an  accuracy  equal  to  the  tracking  accuracy  of  the 
telescope,  in  this  case  0.1  arcsecond  peak. 

Automatically  guided  co-alignment  is  currently  not  possible  without  the  top  box. 
However,  when  only  predicted  flexure  corrections  are  required,  the  top  box  is  not  necessary. 
The  MMT  infrared  photometer,  for  example,  is  used  without  the  top  box  so  that  the  beam 
-omhiner  can  be  included  in  the  instrument  dewar  and  cooled  to  reduce  its  emissivity. 


Figure  5.  A  star  field  image  formed  from 
a  20  minute  integration  of  6  overlayina 
autoqLided  images.  The  turves  are  star 
intensity  profiles  -raced  ilona  the  lines 
intersecting  two  of  -he  stars.  The  full 
wave  half  maximum  of  -he  -urves  was 
measured  *r  ‘e  1.2  arcseconds,  equal  to 
the  atmospheric  seema  at  -he  time.  The 
image  was  taken  with  a  CCD  camera  by  Dr. 
Rudy  Srhild  -f  the  Smithsonian 
Ast rophys ira !  Observatory. 
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Concurrent  co-phasinq  and  co-alignment 

The  MMT  offers  the  larqest  baseline  in  the  world  for  optical  interferometry  on  a 
telescope  of  its  site,  i  . e ■ ,  the  complete  Fourier  transform  plane  of  a  pupi 1 -masked 
telescope  with  a  6.86  m  aperture.  With  speckle  interferometry,  it  is  theoretically  possible 
to  achieve  a  \/P  resolution  of  12  mi  1 1 i -a rcseconds  at  4  100  j(  wavelenqth,  the  full  6-mirror 
diffraction  limit:  imaqe  resolutions  have  been  achieved  to  date  of  20  mi  1 1 i-arcseconds  at 
6560  J  wavelength  (Figure  6 )  ^ .  F.K.  Hege  et .  al.  have  observed  point  spread  functions,  i.e. 
unresolved  stellar  images,  as  sharp  as  the  predicted  theoretical  limit,  at  4100  &  (X/D  =  1 } 
milli -a rcseconds ) . 1 0 

Overlapping  fields  ire  coherently 
ph  ised  when  the  respective  path  lengths 
are  equal  to  or  less  than  the  coherence 
length  imposed  by  the  observing  bandpass 
filters.  The  phasing  produces 
interference  fringes  which  are  -learly 
visible  on  the  video  output  of  a  TV  camera 
looking  at  a  highly  magnified  imaqe.  To 
establish  co-phasing,  the  phasing  wedge 
prisms  mentioned  earlier  are  moved  by 
manual  command  to  position  the  fringe 
distribution  precisely  over  the  center  of 
th-»  specklegram  as  determined  from  visual 
inspection.  A  wide  bandwidth  filter 
( 600  i  )  is  used  to  establish  co-phasinq 
because  its  shorter  coherence  length 
produces  fewer  frinqes  in  the  field  of 
vi«*w,  which  simplifies  the  centering 
operation.  The  coherence  length  for  the 
wide  band  filter  is  only  6  microns  so 
that,  once  co-phased,  a  narrow-band  filter 
is  used  to  increase  the  coherence  length. 

Tho  coherence  length  for  a  1.2  A  filter 
centered  at  6536  A  is  3560  microns;  in 
this  narrow  band  extreme  the  telescope  co¬ 
phasing  is  nearly  insensitive  to  elevation-induced  path  length  variations. 

The  curves  that  relate  path  length  changes  to  the  elevation  of  the  OSS  are  measured 
emrtrically  much  as  are  the  flexure  curves  for  co-alignment.  The  curves  are  sufficient  to 
predict  phase  corrections  for  10  to  30  minutes  of  tracking  before  manual  corrections  must  be 
imposed.  The  corrections  have  a  range  of  200  microns:  the  standard  error  between  measured 
co-phased  conditions  and  the  best-fit  least-squares  quadratic  curve  is  5.6  to  13  microns, 
depending  on  mirror  pair.  The  path  length  changes  as  a  function  of  secondary  focus  and  tilt 
as  well  as  of  wedge  prism  motion.  For  example,  a  one  arcsecond  tilt  of  a  secondary  mirror 
introduces  a  path  length  change  of  15  microns.  The  Telescope  Phasing  System  software  is 
being  revised  to  calculate  and  impose  the  guiding  and  phasing  corrections  concurrently. 

The  correction  curves  maintain  their  characteristic  3hapes  throughout  an  observing  run, 
though  their  shape  can  change  between  observing  runs.  The  latter  changes  are  thought  to 
result  from  manual  adjustments  that  are  occasionally  required  to  the  telescope  optics  or 
from  temperature  changes.  Temperature  changes  introduce  a  bias  in  the  correction  curves:  a 
recent  test  showed  that  a  change  of  1 . 8°C  caused  an  average  change  in  path  length  of  220 
microns,  in  agreement  with  that  expected  as  a  result  of  the  thermal  expansion  of  the  oss. 

We  are  currently  installing  a  temperature  sensor  array  which  will  permit  the  correction 
curves  to  be  adjusted  as  a  function  of  temperature  changes  on  the  OSS.  Measurements  with  a 
10  micron  thermographic  camera  show  a  remarkable  homogeneity  of  temperature  across  the 
bottom  of  the  OSS.  Such  temperature  uniformity  will  simplify  the  task  of  applying 
corrections  as  the  result  of  temperature  changes.11  The  overall  thermal  stability  and 
uniformity  of  the  structure  are  in  part  the  result  of  an  aluminum  foil  OSS  covering12  and  is 
key  to  the  success  of  TCS  and  TPS. 

The  MMTO  is  currently  building  an  articulated  beam  combiner  which  will  permit  path 
length  correction  over  a  wider  spectral  range  than  that  permitted  by  the  wedge  prisms.  The 
facets  will  have  a  dynamic  throw  of  750  microns  and  a  step  increment  of  0.18  micron. 
Interferometry  over  a  wavelength  range  of  0.4  to  20  microns  will  be  possible  with  the  new 
beam  combiner  and  new  instrumentation  currently  being  planned. 

Automatically  guiding  the  six  imaqes  for  co-alignment  while  applying  path  length 
predicted  corrections  is  currently  in  operation.  K.  Hege  of  Steward  Observatory  has 
proposed  an  acquisition  camera  and  video  processing  equipment  that  would  develop  path  length 
correction  information  automatically  as  well,  by  measurino  variations  in  the  signal  power  at 
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Figure  6.  A  comparison  of  imaqes  computed 
from  observed  data  and  imaqes  computed 
from  a  perfect  model  showing  the  close 
correlation  of  the  results  and  the  image 
resolution  possible  with  the  speckle 
interferometry  technique. 


748  04 


• h »  white  I iqh'  frtnqe  frequency  as  calculated  from  a  fast  Fourier  transform  performed  on 
frinae  information  measured  between  telescope  pairs. 

Summary 

Successful  phased  operation  of  multiple  telescope  structures  requires  the  simultaneous 
c- -a  1 iqnment  of  each  telescope  and  the  maintenance  of  co-phased  wavefronts  from  each 
•elescope.  A1 t l tude- az imut.i  mounts  introduce  additional  complexities  associated  with  field 
,ir  I  pupil  rotation.  The  combination  demands  a  level  of  hardware  and  software  sophistication 
rarely  encountered  on  optical  telescopes.  Stiff,  repeatable  structural  design  is  key  to  the 
routine  use  of  image  ro-aliqnment  at  the  MMT  and  the  successful  use  of  co-phasing  for 
crtical  interferometry.  Although  'he  current  OSS  may  be  replaced  by  one  holding  a  single 
h."  m  telescope  when  such  a  mirror  becomes  available,  the  studies  at  the  MMT  should  prove 
useful  to  future  lame  multiple  mirror  telescopes  planned  by  the  University  of  Arizona  and 
'he  National  Optical  Astronomy  Observatories.  The  co-phasinq  and  co-a 1 ianment  systems  can 
•hen  be  utilized  in  ,i  re-deployment  of  the  1.8  m  mirrors  now  used  in  the  array  to  achieve 
rp'ical  resolutions  corresponding  to  baseLines  as  lonq  as  50  m,  where  1/D  =  2  milli- 
ar  -seconds  at  0  . -J  micron  I 
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A  real-time  photoelectron  event-detecting  video  system 
R.  H.  Macklin,  E.  K.  Hege  and  P.  A.  Strittmatter 
Steward  Observatory,  Tucson,  AZ  85721 

Abstract 

We  describe  a  system  for  localization  of  photoelectron  events  utilizing  an  intensified 
Plumbicon  camera  and  a  Grinnell  video  digitizer.  The  Grinnell  digitizer,  arithmetic  unit 
and  memory  are  used  to  produce  a  real-time  video  difference  between  current  pixel  value  and 
previous  pixel  value  thereby  suppressing  multiple  detection  of  the  same  event.  A  master 
clock  provides  synchronization  with  the  camera  in  operation  at  60  Hz  in  240  lines/field, 
repeat  field  mode.  Our  event-localization  scheme  provides  double-buffered  line-address  and 
event-amplitude  for  up  to  32  events  along  a  512  pixel  video  line.  A  software  algorithm 
allows  localization  of  multiple  detections  of  the  same  event,  and  provides  a  unique  address 
interpolated  with  1/2  line  resolution  by  the  host  minicomputer  in  a  480  x  512  format. 

Introduction 

For  high  resolution  imaging  of  astronomical  objects  through  the  Earth's  atmosphere  it  is 
necessary  to  sample  images  in  the  telescope  focal  plane  at  the  diffraction  limit  of  the 
telescope  with  integration  times  sufficiently  short  to  freeze  the  atmospheric  turbulence. 
Most  interesting  objects  are  so  faint  that  only  a  gentle  rain  of  photons  is  collected,  even 
with  the  largest  telescopes.  The  atmospheric  correlation  time  is  so  short  that  only  a  feu- 
detector  pixels  will  collect  even  one  photon  during  the  short  exposure  at  the  required 
image  scale.  The  object  is  to  record  the  coordinates  of  the  pixels  which  detect  photons. 

Since  even  the  best  direct  integrating  video  detectors  have  a  readout  noise  of  a  few 
electrons  per  pixel,  an  image  intensifier  system  is  used  to  make  the  signal  due  to  a  single 
photoelectron  event  unambiguously  detectable  by  a  standard  video  camera.  Our  present 
detector  consists  of  four  stages  of  electrostatic  inverters  transfer-lens  coupled  to  a 
Plumbicon  camera,  and  produces  video  events  of  0.4  volts  average  peak  amplitude  for  cor¬ 
responding  photoelectron  events^. 

Other  astronomical  applications,  e.g.  high-resolution  spectroscopy,  also  require  unique- 
pixel  detection  of  photoelectron  responses.  Therefore,  we  have  developed  a  real-time  video¬ 
raster  event-detection  system.  The  purpose  of  this  paper  is  to  describe  our  system  for 
localizing  the  coordinates  of  video  events  in  240  line,  60  Hz,  non-interlaced  video  fields 
on  a  480  line  by  512  pixels/line  grid. 
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The  digital  television  system 

The  components  of  our  digital  system  are  1)  a  Grinnell  Systems  6-bit  video  digitizer  and 
memory,  2)  a  Steward  Observatory  specified  video  subtractor  provided  by  Grinnell,  3)  real¬ 
time  digital  peak-detection  hardware,  4)  a  FIFO-buffered  burst-transfer  DMA-channel  inter¬ 
face  to  the  host  computer,  and  5)  cross-line  centroiding  logic. 

The  basic  data  path  is  shown  in  Figure  1.  In  the  Grinnell  system,  the  RS-170  video  is 
applied  tc  the  input  of  a  TRW-1007  flash  converter  which  produces  an  8 -bit  Analogue-to- 
Dicital  conversion  at  10  MHz.  The  system  is  totally  synchronous  from  the  TV  camera  to  the 
computer  interface.  Camera  synchronization  is  provided  by  a  10.080  MHz  crystal-controlled 
oscillator  phase-locked  to  the  60  Hz  line  at  168,000:1. 

The  video  subtractor  option  allows  this  8-bit  video  to  be  stored  in  the  frame  memory  as 
the  previous  sample  for  the  same  pixel  is  retrieved  and  then  forms  the  8-bit  video  dif¬ 
ference:  current  value  minus  previous  value.  This  video  difference  is  then  analyzed  by 
our  circuitry  to  localize  all  peaks  which  exceed  a  predetermined  threshold  amplitude. 

The  video  difference  is  hardware  constrained  to  be  positive  or  zero;  negative  differences 
are  suppressed.  Thus  only  new  information  in  the  current  field  is  detected.  This  elimi¬ 
nates  any  lag  effects  due  to  the  detector.  Figure  2  shows  a  typical  example  of  the  digital 
video  input  stream. 


PIXEL 


I  r:.:r  1.  Digital  video  difference.  The  upper  trace  (shown  arbitrarily  displaced)  is  a 
n  •..:)(  lim  c  f  ff.v  digitized  input  video  stream .  The  lower  trace  is  the  digital  video 
iiffercnc*  out; j'  for  the  same  line  resulting  when  the  previous  frame  is  subtracted.  The1 
'ra.es  art  arbitrarily  shown  with  256  point/line  by  plotting  only  even  numbered  pixels. 

point  spread  function  of  these  photoe lectron  events  is  4.4  pixels  FWHM  (2.2  points  as 
[  it t ted  here/  after  convolution  with  the  response  functions  of  the  image  intensifier,  relay 
camera,  video  tape  recorder,  time  base  corrector  and  video  digitizer.  This  is  equiva- 
i e ■  •  tc.  130  _.t  FWHM  at  the  photocathode .  The  localization  of  such  events  with  i  1  pixel 
pre.isior  improves  the  effective  resolution  of  the  system  by  somewhate  more  than  a  factor 
cf  i  to  3?  „r  FWHM  at  the  photocathode.  Our  system  resolves  the  response  114  through  116 
as  two  events  at  115  and  117 
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Real-time  digital  peak-detection 

The  video  difference  iB  stored  in  an  8-bit  parallel,  single-cell  shift-register.  The 
inputs  and  outputs  of  this  shift-register  are  applied  to  an  8-bit  comparator.  As  the 
difference  data  is  being  shifted  past  the  comparator  at  10  MHz,  the  logic  tests  for  the 
shift-register  input  to  be  less  than  the  shift-register  output.  When  this  occurs  an  event- 
detection  strobe  is  generated.  In  order  to  discriminate  between  low-level  noise  peaks  and 
large-amplitude  signal  peaks,  the  comparator  is  enabled  or  disabled  by  a  second  8-bit  com¬ 
parator  comparing  the  difference  amplitude  to  an  8-bit  threshold  value.  The  qualified 
event-detection  strobe  is  then  passed  to  the  computer  interface. 

Centroiding  logic  for  10  MHz  events 

The  centroiding  logic,  shown  schematically  in  Figure  3,  contains  a  horizontal  address/ 
vertical  address  multiplexor.  The  64  by  16-bit  10  MHz  FIFO  buffer,  horizontal  and  vertical 
qualification  registers,  and  data  channel  (DMA)  control  logic  are  all  in  the  computer  inter¬ 
face  . 
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Figure  3.  The  centroiding  logic. 

Data  is  stored  in  the  computer  through  the  data  channel.  There  are  1  +  n  words  for  each 
video  line  within  the  vertical  qualification  window,  0  -  n  -  32.  The  number  n  is  the  number 
of  horizontal  events  detected  along  the  line.  The  upper  bound  32  is  set  somewhat  arbitrari¬ 
ly  by  the  data  channel  rate  of  the  Nova*  class  host  computer  used  in  our  application.  The 
entry  of  a  video  line-number  is  tagged  by  MSB  =  1.  Horizontal  event  entries,  tagged  by  MSB 
=  0,  contain  both  the  horizontal  address  and  the  5  most  significant  event  amplitude  bits. 

The  present  system  produces  9-bit  (1  in  512)  horizontal  addresses,  however,  our  design  an¬ 
ticipates  eventual  implementation  of  10-bit  (1  in  1024)  horizontal  addresses  (±  15  um  at  the 
photocathode) . 

The  interface  uses  a  64  by  16-bit  FIFO  to  allow  the  computer  to  accept  burst  transfers 
at  up  to  6  times  the  rate  that  the  data  channel  can  accept  them.  For  a  10  MHz  video-sample 
rate,  the  maximum  peak  detection  rate  is  5  MHz  (200  ns  peak  separation).  The  data  channel 
rate  is  only  800  KHz  (1.2  us  per  word).  The  64  word  FIFO  provides  a  2-line  buffer  with 
input  at  5  MHz  and  output  at  800  KHz. 

•Nova,  a  registered  trademark  of  the  Data  General  Corporation,  is  used  in  a  generic  context 
here . 


32  3 


Vihen  the  vertical  address  equals  the  bottom  of  the  vertical  qua!  i ;  ica*  ion  window,  is:. 
interrupt  is  generated  to  inform  the  event-logging  program  that  the  current  frame  of  cat;-, 
is  complete. 


Data-logging 


Presently  cross-line  centroiding  (1  in  483!  is  produced 


a  software  algorithm  in  tne 


host  computer.  Thus  photoelectron  addresses  are  localized  to  tne  unique  pixel  events  on  a 


4 80  x  512  grid  which  recognizes  cross-line  events  with 


0,  or  +1  pixel  horizontal  cis- 


placements .  The  maximum  data-logginq  rate  oj  6 0,000  Hz  is  set  by  the  75  ips  1603  bpi  ; 
tape  system.  This  is  compatible  with  the  32^  event/frame  saturation  of  the  interface. 


Conclusion 


Although  we  are  aware  of  faster  schemes  for  localizing  the  addresses  of  photoelectron 
events2,3  we  find  that  this  solution  has  the  particular  merit  of  utilizing  off-the-shelf 
digital  video  technology  and  current  microcomputer  capabilities. 
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The  weighted  shift -and -add  speckle  imaging  technique  is  analyzed  using  simple  assumptions  The  end  product  is 
shown  to  he  a  convolution  of  the  object  with  a  typical  point -spread  function  Ipsfl  that  is  similar  in  shape  to  tin- 
telescope  psf  and  depends  marginally  on  the  speckle  psf.  A  filter  can  he  applied  to  each  data  frame  before  locating 
the  maxima,  either  to  identify  the  speckle  locations  (matched  filter)  or  to  estimate  the  instantaneous  atmospheric 
pst  (Wiener  filter  I.  Preliminary  results  show  the  power  of  the  technique  when  applied  to  photon-limited  data  and 
to  extended  objects. 


1.  INTRODUCTION 

Recent  efforts  in  the  field  of  stellar  speckle  interferometry1  1 
have  hren  directed  toward  achieving  t rue  images  of  the  oh 
served  objects.  A  great  deal  has  been  done  to  reconstruct 
the  Fourier  phases  of  these  objects  in  order  to  obtain  the  true 
image.  Approaches  known  as  the  shift -and -add  techniques 
try  to  retain  the  phases  as  they  appear  in  the  original  speck- 
legram. 

Bates  and  Cady4  realized  that  at  least  one  Fourier-plane 
phase  is  easy  to  find:  that  corresponding  to  the  strongest 
intensity  in  the  specklegram  frame.  If  the  displacement  of 
this  point  is  known,  then  the  frame  can  be  shifted  to  place 
this  maximum  at  its  center.  Adding  many  such  shifted 
frames  will  yield  the  average  intensity  an  and  the  brightest 
spots  in  all  the  specklegrams.  This  is  known  as  the  shift  - 
and-add  (SAAl  technique.  Lvnds,  Worden,  and  Harvey’’ 
ILWH)  locate  not  just  the  absolute  maximum  in  each  frame 
but  also  the  brightest  local  maxima  (after  some  initial 
smoothing).  A  set  of  weighted  delta  functions  is  created, 
corresponding  to  the  coordinates  and  intensities  of  these 
maxima.  A  cross  correlation  of  this  set  with  the  original 
frame  shifts  the  brightest  local  maxima  to  the  center,  pro¬ 
ducing  a  result  similar  to  the  SAA  technique,  though  with 
higher  efficiency. 

The  seeing-calihrated  weighted  shift -and  add1  (WSA)  is 
a  natural  continuation  of  these  two  methods.  Similar  to  the 
L.WH  method,  it  finds  all  the  local  maxima.  A  set  of  delta 
functions  is  created,  multiplied  (or  weighted!  by  the  intense 
ties  of  the  corresponding  maxima  to  create  a  set  of  impulses. 
Each  frame  is  correlated  in  the  Fourier  plane  with  its  set  of 
impulses,  and  the  correlations  are  averaged.  Finally,  the 
average  cross  spectrum  is  deconvolved  by  the  average  [tower 
spectrum  of  the  impulses  in  order  to  reduce  the  atmospher¬ 
ic-seeing  effects  on  the  final  result. 

Ail  realizations  of  the  SAA  technique  have  one  problem  in 
common:  they  rely  strongly  on  finding  local  maxima  and  on 
the  assumption  that  these  are  equivalent  to  speckle  loca¬ 
tions  Shot  noise,  atmospheric  effects,  and  object  morphol 
ogv  can  all  invalidate  this  assumpl  ion 


Because  of  the  effect  of  photon  statistics,  the  number  ot 
maxima  can  be  much  larger  than  the  number  of  speckles.  If 
the  intensity  of  the  object  is  low.  there  are  some  speckles  that 
will  contain  only  one  photon,  with  no  structure  information 
in  them.  If  the  object  has  a  wide  maximum,  then  both 
Poisson  noise  and  atmospheric  phase  fluctuations  might  dis¬ 
tort  its  image  and  create  spurious  local  maxima.  Finally, 
the  object  could  he  multiple  peaked,  which  can  he  mistaken 
as  multifile  speckled,  with  the  final  result  resembling  an 
autocorrelation  instead  ol  an  image.  Bates1  calls  this 
"ghosting." 

As  a  remedy,  we  use  a  filter  that  smooths  out  each  speckle 
and  at  the  same  time  defines  its  location.  The  best  filter 
should  be  close  to  the  mean  speckle  itself:  a  matched  filter. 
Since  the  mean  speckle  is  initially  unknown,  a  crude  guess  is 
used  to  locate  filtered  speckle  maxima.  These  are  then  used 
to  produce  a  better  mean-speckle  estimate  by  SAA.  The 
procedure  is  iterated  until  the  mean  speckle  converges. 

We  find  that  the  iterative  speckle  estimate  is  not  the 
optimum  matched  filter.  The  most  suitable  filter  must  sup¬ 
press  the  variable  background  created  by  coalescing  speckles 
in  a  large  speckle  cloud  as  well  as  smooth  the  single-photon- 
event  noise  Thus  we  combine  the  mean  speckle  with  a 
bandpass  filter  into  a  Wiener  filter.  Local  speckle  maxima 
are  thus  enhanced,  whereas  single  photons  are  discriminated 
against  by  using  a  comparison  low-pass  filtered  frame.  The 
combined  process,  speckle  identification  and  WSA,  can  he 
carried  out  in  the  image  plane  or  in  the  Fourier  plane.  We 
have  experimented  in  both  domains. 

2.  MATHEMATICAL  FORMULATION  OF 
WEIGHTED  SHIFT-AND-ADD 

We  first  summarize  the  WSA  formalism  of  C'hristou  rt  a/.' 
Let  us  write  the  At  It  quasi  instantaneous  image  f,.(x)  as  the 
Poisson  realizat  ion  of  t  he  convolut  ion  of  the  object  o(x)  wit  h 
the  instantaneous  speckle  point -spread  function  sytxl.  For 
ease  of  understanding,  we  choose  to  define  the  Poisson  noise 
as  the  difference  between  the  realization  and  the  eonvolu 
t ion,  i.e.. 
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When  detecting  tin-,  linage.  we  mint  assume  a  detector 
[suet  spread  function  r/txi.  which  is  not  necessarily  point 
like,  'peciliculW .  single  photons  create  typical  splotches 
alien  they  are  recorded.  Wo  revise  the  definition  of  the 
Ullage  to  be 

.  I  X  I  =  i/lxt  ■  I  >1  X  l  •  S.  I  X  I  +  ft  ,1  X 1 1 .  I'd  I 

We  create  an  impulse  frame  from  i.  ix>  In  substituting 
delta  functions  lor  lot  al  maxima  only.  \\Y assume  that  eat  h 
is  weighted  by  the  correspondin'.;  maximum.  Phis  nonlinear 
pn  -cess  can  be  viewed  as  a  crude  estimate  u,tx »  of  the  ittst an 
taneous  spt-i  k!e  point  spread  nmction  -.(xt  because  the 
grainy  appearance  of  the  speekle  pattern  can  he  attributed 
chiefly  to  the  atmosphere  \t  the  same  time,  this  estimate 
also  ha.-  a  portion  that  ran  he  attributed  to  maxima  in  the 
noise  t;  ixt  This  algorithm,  which  singles  out  maxima  only, 
assumes  that  the  ohjeel  nix'  has  a  single.  sharp  peak  I  he 
tullovving  sections  will  deal  with  the  problems  "I  extended 
objects  and  how  to  minimi/e  their  influence  mi  the  speckle 
est  imalo. 

The  next  step  is  to  apply  a  Kotirier  l  r.  ins  form  to  the  speck - 
iegrnm  and  the  impulse  frame  lh-nnting  all  quantities  in 
i  he  Fourier  plane  in  upper-case  letu  rs  and  using  nondimcn 
-lonai  units  u  =  f  \.  we  have 

/  iui  =  /fiut|Oiu'N.  iu>  +  .V  tut|  t  W 

for  ihe  image  transform  and  A  mi  for  the  transform  ol  the 
i  m  pulse  frame  ri . 1  x  i  Now  wv  ea  leu  late  t  lie  cross  sped  rum 
ol  i  lu-se  two  ipiantities: 

('pul  =■  /huddiuiN  mi  +  \  md.P'mi.  <  1  > 


('lut  /Jiut[(hui  xu  i.t  Mu  I  ‘  +  .Viui.t'ml  ! 


We  now  see  tile  importance  of  having  a  good  estimate  ot 
the  atmosphere  It  thi-  is  really  the  case,  then  .dtu)  does  not 
contain  any  terms  tha'  correlate  with  the  photon  nois"  uni 
t  he  last  term  mi  he  nuttier  itor  can  lie  considered  negligible 
Therefore. 
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To  find  out  umre  alioiii  1 1  it*  averages  invoked  in  h<)s.  irii 
and  i7>.  let  n-  write  the'peikle  point  spread  function  '  psl  i 
•  1 
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w  lit  re  /  ’i  U  I  i-  !  he  tele-i  i  p>-  i pel  t  lire  !  UIK  t  loll  a nd  -  -  U  1  othi 
at inospheriv  transfer  tundioii.  FI|  (  stands  Pt  i  I-  inner 
1  rails! i 'rill .  I  ,et  i is  assume  t  hat  our  est i mate  <i,  i  x  i  I  ■  act 1  lair, 
etpial  to  iln  in-tui:ta:ieoti*  ps|  -  '  x  -  deconvolved  h\  t  he 
telescope  '  ram  ler  till,  no 
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where  denotes  deconvolution  'division  in  the  Fourie* 
>pat  et  I  'll-  assumption  would  lie  exact  in  the  case  when 
the  spt-i  kle  -  ea:i  he  re  nr-,  e  ".ted  simple  as  a  double  t  oiiv  i  -In 
lion  of  t  lie  oh'ei  ! .  the  telescope  ps| .  and  a  set  of  delta  tune 
t  ions  I  which  in  turn  represent  tile  atmospheret.  This  de 
script  ion  is  udf'pMtf  at  logli  Irequeticies  |se*  Kqs  Ci-lt  lie 
low  |  Heplactng  t-ai  li  maximum  by  a  delta  lunciion 
amounts  to  a  erode  its  onvolui  ion.  similar  to  that  ot  ihe 
.  |  k\n  aig- -ri: leu  fin  numerator  in  expression  i?l  is  the 
average  <  r-s-  -pe«  t rum  - •!  the  Foimier  transforms  "I  F.i|s.  •  H> 
ami  't"  Foilovviug  the  reviews  and  definitions  "t  Koddier 
and  i 1  ti ■  1 1  v .' 
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where  Urn,  u’'  's  t  In-  Imirth  .'rder  moment  of  the  atmo 
sple-rii  wave  ' r.iat  tluct ua'  ions.  /  ’  i u  i  is  t he  speekle  t ransfer 
tinie'ic;  /(•  u,  u '  i  is  t  fu  fourth  'Tiler  eorrelat  inn  of  t  he  tele- 
si  -  /  -  u  i  is  t  lie  second  order  eorrelat  ion  <•!  the  telescope 

i  In  O'leseopi-  tr, ii.sler  tumtion;  and  S  is  the  pupil  area, 
f  ai  torm;;  the  -iiiigri.l  into  a  product  -'I  two  integrals  is 
pos-ihle  -in.  e  \h  u  u'  i  is  a  timet  ion  ol  the  ft  eipient  v  differ 
tine  11  -  v  v. 

The  d'-ni an 1 1 1 . 1 1 or  m  i-xprissioii  iTi  is  the  average  power 
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S  du'A/(u.  u  )H(u.  u) 


S  -  du7/(u.  u  ) 


Substituting  Eqs.  ( 10)  and  (11)  into  expression  (7),  we  get 


W(u)  s  7)(u)0(u)T(u). 


To  evaluate  this  expression  further,  we  follow  previous 
work7  s  and  assume  that  the  kth  frame  is  composed  of  a  set  of 
S\  photons  at  positions  x„,  each  producing  the  detector  psf 
d(x): 


*  S(x  - 


The  estimate  of  the  speckle  psf,  a*(x).  is  composed  of  a 
different  set  of  impulses,  which  we  model  to  be  the  realiza¬ 
tion  of  a  point  process  representing  the  atmosphere.  Be¬ 
cause  of  the  digital  form  of  our  data,  we  consider  every 
impulse  to  be  the  sum  of  all  delta  functions  within  the  same 
pixel.  Unfortunately,  our  estimate  is  contaminated  by  the 
Poisson  process,  which  creates  some  spurious  local  maxima. 
Here  we  have  Lk  speckles  and  Kk  contaminating  photons: 

/.,  A, 

a*(x)  =  V  S(x  -  x,l  +  N  d(x  -  x;).  (14) 


In  this  way  we  model  our  data  u(x)  as  a  Poisson  process  of 
rate  A*(x)  proportional  to  the  ideal  image  o(x)  *  s>(x).  Our 
estimate  of  the  atmospheric  speckles  a*(x)  is  modeled  as  the 
sum  of  two  processes.  The  first  is  an  unknown  point  process 
with  rate  fiit(x)  proportional  to  the  atmospheric  psf  (Fried’s 
"short  exposure"  6).  In  the  cases  when  the  atmospheric 
turbulence  is  low,  the  object  is  extended,  or  the  light  level  is 
low,  the  variance  that  is  due  to  the  photon  noise  can  be 
comparably  large.  The  Poisson  process  is  then  assumed  to 
be  independent  of  the  atmospheric  process.5’  Thus  it  is 
written  on  the  right-hand  side  of  Eq.  ( 14)  as  an  additive  term 
of  rate  \k(x).  Next  we  calculate  the  expectation  value  of  the 
cross  spectrum  of  the  Fourier  transforms  of  the  data  and  the 
estimate  (Eq.  )4)|  with  respect  to  coordinates: 


E„/,j(',(u))  =  !)< 


u)  jV  V  E„,| 


(x„  -  x/) 


.v,  At 

+  V  A  E„,|exp  -  2rr;u  ■  (x.,  -  x,)| 


The  total  number  of  elements  in  the  first  summation  is 
/V .  almost  all  of  which  are  not  unity,  as  they  originate 
from  different,  independent  processes  (Poisson  and  atmo- 


spheric).  The  number  of  elements  in  the  second  summation 
is  NitKit,  of  which  Kit  are  unity  (when  x„  =  x , ) -  For  the  first 
summation  the  probability  of  an  event’s  occurring  at  x„  is 
A*(x„)/J  ,\t(x)dx.  where  the  integral  is  over  the  frame.  The 
probability  of  a  speckle’s  occurring  at  X/  is  similarly  g*(x  1/  f 
at(x)dx.  The  joint  probability  of  the  two  is  their  product, 
these  being  independent  point  processes,  yielding  an  aver¬ 
age  cross  term 


At(x)exp  -  2rr/u  •  xdx  M/,(x)exp  Jir/u  •  xdx 


A,  <x)dx  (x)dx 


.Vt(u)A/fc*(u) 


A*(0)A/,.‘(0) 


where  we  assume  that  \(u>  and  A/lu),  the  Fourier  trans¬ 
forms  of  Atx)  and  *i(x).  are  Hermit  ian.  The  second  summa¬ 
tion  yields  a  similar  term.  From  Eqs.  ( 15)  and  (16)  we  have 


E,  „,[<■*( 


u ) |  =  7)(u)  K 


I A  l  ( u )  I  “ 

*  +  (Kk\k  -  Kk)  -  - 
A*(0)  - 


A*(u)Af(  *(u)  "1 
5  A*«i)Mt*(oi  J 


Now  we  average  over  the  Poisson  statistics  of  the  photons 
and  the  atmospheric  statistics  of  the  speckles. 


E„,  M  (Cj tu)|  =  /Xu)  K  +  (K\  -  K) 

■:  I A  (0)1-  ■ 


A(u)AP(u) 


A  ( 0 )  Af  *  ( 0 ) 1 


where  /,  and  S  are  the  average  numbers  of  speckles  and 
photons  per  frame  and  K  is  the  corresponding  number  of 
coincidences  between  the  estimate  and  the  photons.  Simi 
larly.  we  get  for  our  estimate  for  the  atmosphere  mix)  an 
average  power  spectrum 


.,  ,,,  ,  ,  ,  , ci  ’  I AT( u )l J i  lA(u)|- 

r,  ,  \h ,  (u)\  —  L  +  I,  ~  +  K  +  h. 

•  |A/(())|-  .  ,  |.\«))i 


A ( u ) A/* ( u ) ' 
<  A(())Af*(0)  > 


where  /.'  =  E[/.i.(/,i  -  1  )|  is  (he  second  factorial  moment 
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Fm  2.  An  image  of  an  unresolved  star  I  Zita  Aijuaril  A)  with  the 
_'x  m  telesi  ope  at  7.70  ±  111  nm.  showing  the  (aberrated)  telescnpe- 
deteitor  psf  l.ogarithmie  intensity  scale.  Processed  from  100 
frame',  about  100  photons  each.  All  figures  are  with  North  down. 
Fa-’  to  the  right. 

spectrum  |Kq.  1 24 )]  is  accentuated  at  the  very  low  frequen- 
i  it1'  and  constant  elsewhere.  Dividing  the  object  transform 
by  this  power  spectrum  is  equivalent  to  multiplying  it  by  its 
ret  iprocal.  i.e..  a  bandpass  filter. 

The  combination  of  a  bandpass  filter  with  the  object  pro¬ 
duces  an  optimum  matched  filter,  which  is  now  applied  to 
the  specklegram.  The  bandpass  filter,  convolved  with  the 
object,  partially  solves  both  problems  (3)  and  (4)  discussed 
earlier.  It  smooths  out  single-photon  events  below  *he 
i  hreshold  level,  so  that  they  are  not  regarded  as  speckles.  At 
the  sime  time  it  sharpens  the  wide  autocorrelations  between 
the  speckles  and  the  object,  and  as  a  result  the  efficiency  of 
detecting  speckle  maxima  increases. 

4.  WIENER  FILTER  APPROACH 

I  he  other  approach  possible  is  not  to  locate  the  speckles 
i  using  the  assumption  thal  each  one  is  a  replica  of  the  object) 
but  to  find  the  original  distribution  of  the  atmosphere,  apply 
'i one  nonlinear  process  isiich  as  maximum  finding)  and, 
loptinue  from  there  on  as  with  the  standard  WSA.  As 
m. onioned  m  Section  :f,  this  calls  for  a  Wiener  filter,  since 
He  re  is  no  prior  knowledge  ot  the  atmospheric  distribution 
.and  it'  shape  is  varying  from  one  realization  to  the  other. 
<  tor  estimate  is  now  achieved  hv  applying  a  Wiener  filter 
/  1  u*  to  the  current  image  transform: 

1 ,  •  U  )  =  /-'  I  U  )/;  I  U  1 

-  F  < u )/>( u ) | f  fiui.S,  i u >  +  ,V(ul|.  (26) 


A i  'uullv.  we  also  apply  here  the  nonlinear  process  of  maxi¬ 
mum  singling  in  the  image  plane  described  above.  |If  only 
hi  •  ar  proi  were  applied,  we  would  get  F„  I  u  I  as  the  end 
I > '  din  i  !  We  furm  the  least  squares  difference  e  hetween 
Me  'pe.  kle  p'l  and  i lie  e si i mate 


dxl.six)  -  nix)1  ^  ^  I  duiSiui  -  hue  'j  '27 


using  1‘arseval's  theorem  Combining  Kq  '2ti'  with  Kq. 
(27).  and  assuming  thal  the  cross  spectrum  of  the  atmo¬ 
sphere  and  the  noise  average  out.  we  arrive  ,u  I  he  required 
filter . . 

0(U)*/\IU! 

F iu)  =  ,  i 2b l 

D(u)|k null  Z’.iui  +  /’„iu)| 

where  /\(ut  and  /’.,lu)  are  the  speckle  and  noise  power  spec¬ 
tra,  respectively.  We  make  use  of  the  value  ot  the  average 
image  power  spectrum  calculated  elsewhere 

P,(u)  =  iOtuli  j|f  hull-’/’.lu)  +  lu)|  i29i 


to  get  the  final  filter 


F  (u)  = 


|/)IU1D<U)|*/\(U) 


This  is  much  like  the  intuitive  filter  that  was  mentioned 
before  in  combination  with  the  matched  filter.  It  tells  us 
that  by  using  iterative  estimates  of  the  object,  the  image 
power  spectrum,  and  the  speckle  power  spectrum,  we  can 
generate  a  valid  Wiener  filter.  The  speckle  power  spectrum 
and  the  detector  transfer  function  can  be  achieved  before 
the  calculation  by  observing  a  point  source  under  similar 
atmospheric  conditions  with  the  same  detector.  It  the  at¬ 
mospheric  conditions  are  different,  then  the  ratio  of  the 
reference  speckle  power  spectrum  P.(u)  to  the  actual  one 
will  differ  mainly  in  the  u  =  r„/X  regime. 1,1  At  higher  fre¬ 
quencies  this  ratio  will  tend  toward  the  ratio  of  the  numbers 
of  speckles  for  the  two  cases.  So  unless  the  object  has  a  great 
information  content  at  low  frequencies,  it  is  safe  to  use  a 
reference  speckle  power  spectrum.  If  not.  a  theoretical  esti¬ 
mate  can  be  made  from  the  image  power  spectrum,  which  is 
actually  the  matched-filter  method  discussed  above. 


5.  APPLICATION  AND  RESULTS 

The  data  processed  were  produced  on  the  Kitt  Peak  Nation¬ 
al  Observatory  3.8-m  telescope  and  the  Steward  Observatory 
2.3-m  telescope.  The  detector  used  was  the  Steward  Obser¬ 
vatory  speckle  camera,17  with  television  frames  digitized  to  a 
128  X  128  format  with  8  hit  integers.  Some  of  the  data  were 
photon  limited  (see  Figs.  1  3). 

The  first  reductions  were  done  in  image  space,  in  an  ap¬ 
proach  similar  to  the  simple  SAA.  An  estimate  of  the  object, 
usually  a  Gaussian,  was  slid  along  and  multiplied  with  the 
frame  limage-plane  correlation).  At  the  same  time  a 
smoothing  function  ta  wider  Gaussian)  was  correlated  with 
the  frame.  Every  local  maximum  that  was  higher  in  the 
filtered  frame  than  in  the  smoothed  Irame  was  counted  as  a 
speckle,  and  the  corresponding  part  in  the  original  speckle 
gram  was  added  to  the  running  sum.  With  bright  objects, 
where  the  photon  noise  is  negligible,  the  result  appeared 
after  only  one  frame.  I  he  computational  efficiency  of  this 
method  was  rather  low,  especially  lor  larger  objects,  which 
demanded  manv  multiplications.  I  he  advantage  was  that 
only  one  full  frame  resided  in  memory  at  any  time 

The  process  was  then  repeated  in  the  Fourier  plane  (Fig. 
11  The  cycle  for  each  frame  is  as  follows,  la)  read  frame  in. 
Ill)  transform  (he  frame,  (cl  multiply  the  Irame  transform 
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Fig  A,  The  binary  star  Oapella  (A /p/m  Atir/gac.  :t.8-m  telescope.  uaO  ±10  nml.  with  two  sidelohes  (at  the  top  and  bottom  I.  created  by  dou¬ 
ble  detections  of  single  speckles.  R.  The  impulse  power  spectrum  for  the  same  data,  show  ing  fringes  at  the  O.IVt  level  produced  by  this  eftect. 
No  apodization  was  applied  to  the  matched  filter  rid  frames). 


with  the  current  matcheci/Wiener  filter  estimate.  <dl  multi¬ 
ply  the  frame  transform  with  the  smoothing  (low-pass)  fil¬ 
ter.  le)  inverse  transform  the  filtered  frame,  (f)  inverse 
transform  the  smoothed  frame.  Ig)  locateall  the  peaks  in  the 
filtered  frame  above  the  smoothed  one  and  create  a  frame 
with  corresponding  impulses  in  it.  th)  transform  the  impulse 
frame,  (i)  multiply  the  frame  transform  by  the  impulses 
transform  and  add  to  running  sum,  (jl  add  impulse  power 
spectrum  to  running  sum.  This  process  is  similar  to  the 
USA 1  process,  which  requires  two  Fourier  transforms  per 
frame.  The  matched-filter  process  includes  the  extra  steps 
(c)(1).  which  imply  two  more  transforms  per  frame.  It 
turns  out  that  the  time  required  per  1  '2H  X  1 2H  frame  is  about 
d  sec.  compared  with  4  with  U  SA  (the  computer  was  a  Data 
(leneral  MYlOOOO).  For  larger  frames,  a  constant  threshold 
(as  opposed  to  a  variable  one)  can  be  applied,  saving  one 
Fourier  transform  per  frame  (step  le)|. 

Once  every  1 ,000-  10,1)00  detected  speckles,  depending  on 
the  noise  in  the  data  and  the  expected  object  shape,  we 
update  the  filter  estimate.  This  is  done  bv  l  I  I  die iding  the 
average  frame  impulse  cross  spectrum  by  (he  average  im¬ 
pulse  power  spectrum  to  get  the  current  speckle  image.  fjl 
reducing  the  photon  noise  by  estimating  it  beyond  the  dif¬ 
fraction  limit  t'  despiking"  ')  and  apodizing  the  result  out 
side  that  limit,  oil  inverse  transforming  (his  average  image. 
1  1 )  apodizing  the  result  to  get  rid  of  noise  in  I  be  wings  of  the 
image,  (a)  transforming  the  apodized  image,  and  nil  multi¬ 
plying  by  the  bandpass  tiller  to  give  the  optimum  matched 
or  W  tetter  filter  The  apodization  is  usually  not  necessary, 
except  tor  the  first  iterations  when  the  noise  tit  the  outskirts 
ol  the  image  can  correlate  with  the  specklegrams  to  produce 
false  maxima  Also,  tier  multiple-peaked  objects,  which 
tend  to  have  artific  ial  sidelobe-.  an  apodization  c  an  deter 
positive  feedback,  which  leads  to  growth  of  these  sidelohes 
i  Fig  a  <  are  should  be  taken  w  lien  apple  mg  apodizat  ion. 
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suin'  the  apodizing  hell  should  he  larger  than  the  object 
extent  t  Kit;  1 1 

I  he  main  deficiencies  of  the  current  implementation  of 
the  matched /\\iener  filter  method  are  the  following:  ll) 
complicated  calculations  requiring  much  computer  time  are 
necessary,  12)  for  extended  objects,  too  few  speckles  are 
found,  which  lead  to  an  extended  seeing  background.1- 1 1  fit) 
for  multiple-peak  objects,  great  care  must  he  taken  when 
building  the  filter  lest  the  filtered  frame  have  more  than  one 
maximum  per  speckle  and  thus  lose  the  advantage  over 
simple  SAA  methods. 

ACKNOWLEDGMENTS 

I  would  like  to  thank  -I  C  Christou.  K.  K.  Hege,  K.  Ruddier, 
and  •!.  I>.  Freeman  tor  many  thought-provoking  conversa 
t ions  and  for  astronomical  data.  I  would  also  like  to  ac¬ 
knowledge  the  support  of  the  Weizmann  Fund,  Someofthe 
observations  reported  here  were  obtained  at  Kitt  Feak  Na¬ 
tional  Observatory,  a  division  of  the  National  Optical  As¬ 
tronomy  Observatories,  operated  by  the  Association  of  Uni 
versifies  for  Research  in  Astronomy,  Inc.,  under  contract 
with  the  National  Sen  nee  Foundation 

I  he  author  was  formerly  with  the  Steward  Observatory. 

I  'Diversity  of  Arizona.  Tucson.  Arizona  85721. 

REFERENCES 

1  I  C  t'hristou,  K.  K  Hege.  -I.  D  Freeman,  and  K.  Ribak." A  self 
calibrating  shift  anil  add  technique  lor  speckle  imaging,"  3 
Opt  Sm  Am  A  3.  204  209  l  19861,  "Images  from  astronomical 
speckle  data  weighted  shift -and-add  analysis."  in  Interna¬ 
tional  (''inference  mi  Speckle.  H.  Arsenault,  ed  .  I’roc.  Soc. 
Photo  Dpi.  Instrum  Eng  556,  255  262  11985). 

2  0  1’  Weigelt  and  H  Wirnitzer,  "linage  reconstruction  hv  the 
'peckle  masking  method."  Opt  Lett.  8,  .189  -391  (1983). 

K  H  T  Hates.  "Astronomical  speckle  imaging.”  l’hys.  Rep.  90, 
20  297  0)1821. 

I  If  II  I  Bates  and  F  W  t'ady.  "Towards  true  imaging  by  wide¬ 
band  speckle  interferometry  "  Opt.  Common  32,  365  369 

l  1)1801 

C.  R  l.vnds.  S  F  Worden,  and  •(  W  Harvey.  "Digital  image 


recoils',  roc!  a  mi  applied  to  \lplm  I  irunus."  Astrophvs  3  2117. 
174  17)1119761 

6  F  Ruddier.  The  effects  of  atmospheric  turbulence  ill  optical 
aslronorm  "  in  Progress  in  Optics  XIX.  F.  Wolf,  ed  (North 
Holland.  Amsterdam.  1))8 J ».  pp.  281  376:3.  0  Dainty,  "Stellar 
spei  kle  interlerometrv.”  in  /.user  Speckle  and  Related  Phe- 
uonierm,  2nd  ed..  3  C  Dainty,  ed  (Springer  Verlag.  Berlin. 
19831 

7  I  W  i ioodinan  and  I.  F  Belsher,  "Photon  limited  image-,  and 
their  restoration."  RAIK’-TR  76-50  March  1976;  ARl’A  order 
#2646  (Rome  Air  Ifevelopment  Center.  Orifhss  AF'H,  N  V.). 
"Fundamental  limitations  in  linear  invariant  restoration  of  at 
tnosplu  ricalb  degraded  images."  in  Seminar  on  Imaging 
(hrnueh  the  At nwsphere.  -I.  0.  Wyant,  ed..  Proc.  Soc  Photo- 
Opt  lustrum.  Eng  75,141  154(1976). 

8.  3  C  Datnlv  and  A  H  (ireenaway.  “Estimation  of  spatial  power 
spectra  in  speckle  interlerometrv."  I  Opt.  Sue.  Am  69.  786  790 
(1979) 

9  H  Saleh.  Photoelei  iron  Statistics  (Springer  Verlag.  Berlin, 
19781.  Set .  5.2.9 

111  K.  R.  Castleinan  Digital  I  matte  /‘recessing  (Prentice  Hall.  F7n 
glewond  Chits.  N.3..  1979) 

11  K.  Ribak,  F7  K  Hege.  and  3  C  t'hristou,  "Identification  of 
speckles  In  matt  hed  filtering."  Boll  Am.  Astron  Soc  16,  885 
1 1984)  "Dse  ol  matched  tillering  to  identify  speckle  locations." 
in  Inlernatitinai  Conic retne  mi  Speckle.  H  Arsenault,  ed.. 
I ’rot  Sttt  Pholo  Opt  I  ns!  rum  F.ng  556,  196  2(1]  (19851 

12  A  M  Smton.  If  A  Minard.  and  R.  H.  T.  Bates. "(leneralizalion 
ol  shift -and  add  imaging."  in  International  Conference  nil 
Speekh  ,  H  Arsenault. ed..  Proc  Sot  Photo-Opt.  Instrum  Eng. 
556,263  269(1985) 

13.  B  R  Hunt.  W  R.  Fright,  and  R  H  T.  Bates  "Analysis  of  the 
shift  and  add  method  lor  imaging  through  turbulent  media."  I 
Opt  Soc  Am  73.  456  465  0983) 

It  If)  Freeman.  E  Ribak.  3  (.’.  Christou,  and  E.  K.  Hege,  "Statis¬ 
tical  analysis  of  the  weighted  shift  and  add  image  reconstruc¬ 
tion  technique."  in  International  (’< inference  an  Speckle,  H. 
Arsenault,  ed..  Proc.  Sot  Photo-Opt.  Instrum.  Eng.  556.  279 
283  0  985) 

15.  B.  R  Erieden.  Probability.  Statistical  Optus. and  Data  Testing 
(Springer  Verlag.  Berlin.  1983). 

16.  3.  0  Christou.  A.  Y  S.  Cheng.  E.  K.  Hege.  and  C  Roddier. 
"Seeing  calibration  of  optical  astronomical  speckle  interfero¬ 
metric  data,"  Astron  3.  90,  2644  2651  (1985). 

17  K.  K.  Hege.  K  N  Hubbard.  P  A  Strittmatter.  and  W  .1  Cocke. 
"The  Steward  Observatory  speckle  interferometry  system.” 
Opt  Acta  29,  7(11  715(1982). 


y\i 


I'm  I'Ukwi  mi>  M;  ilJM-  \,m 

.  '*'t-  I  -  \  I  .  •  i  \  V-  \  :  I'  V 


I  he  t  J  ■  I  .1-  ..  <  i  1  .«  •  ,  ,l  ,/!■<!  t  r  i '[If  .  M 

f*eimi',,inn  G  •  -  •  .  U’*  <.  4  «  .<■<  t-..o  :.v  .ittuM  . 

th«:  c ui> *  r  igh '  •  • 


l)t  I  K  I  ION  Ol  illl  I  I  \SI\G  GAI  4\V  I  \  I  ’( i  I  I  I '  ■  ns 1 
Sll  XI'  I  R  SllXtxl  XN  \\|)  I  k  Illl. I 

Sli'u  i  ,!  I  )!>m-|  i .iliti  \  1  mii  isilii.l  \  ..|.  i 

/ii  i  1 1<  .  a  .“il  '  t.i/r .  I  ,i, .  /Vi '  1 1  i  • 

\BSTRAC  1 

VS  e  haxe  titled  models  to  good  seeing  i > *  (>l  poslguided  observations  i < t  '.Ik-  i i  i ( ■  V  .pias.ii  I’G  1  I  1  '  •  (is  m 

blue  anil  red  light  I  he  lour  components  i  V  A  li.  .mil  (  t  .ill  luxe  -iinil.n  point  spie.nl  functions  in  the  blue 

lit  I  he i e  .ire  no  significant  blue  residual-  alter  subtraction  ol  in  model  li.un  tin-  image  I  he  Ills  io  eoni 

ponents  V.  V.  and  (  m  the  red  image  aie  eonsistenl.  but  that  ol  lie  li  component  suggests  that  theie  is  an 

excess  red  llu\  Itotn  an  area  between  all  lnui  eomponents  The  resid  i.ils  show  that  lias  tlux  It. is  a  peak  magni¬ 
tude  ol  IdS  -  U  '  mag  in  the  K  hand  and  a  I  R  color  of  at  leas;  2  '  -  r  '  ni .i e  I  he  position  ol  this  llu\ 
excess  is  consistent  unit  that  ol  the  lenstng  galaxx  in  models  ol  gr.i'.i'  iltoual  imagine 
Subn\t  ihihiiihis  gravitation  quasars 


!  IMKIIDt  l  I II  IN 

Ol  the  live  posable  candidates  tor  grax national  lenses,  onlx 
one.  P(  i  Ills*  iin  A.  B.  (  .  better  knoxxn  as  the  "  triple  QS( ). 
has  more  than  two  components.  Wcxmann  et  <//  il'fSUt  dts- 
eoxered  the  triple  images  liege  cl  a!  (Ids  It  used  the  technique 
of  speckle  interlerometrx  to  show  that  A.  the  brightest  com¬ 
ponent.  xxas  itself  a  double  t  which  we  designate  A  and  A  t.  with 
components  separated  hx  o  '4  Others  I  Voting  ct  ■//  IdXI 
hereafter  Voting.  Vanderriest  ci  ,u  IdXxi  luxe  modeled  the 
triple  and  also  concluded  that  A  consists  of  two  oxerlapping 
components.  I  o; .  Bonneau.  and  Bla/it  tldss.  hereafter  loxi 
max  haxe  detected  the  expected  tilth  component  No  one  has 
vet  detected  the  lensmg  galaxx. 

The  geometrx  of  the  triple  QSO  is  most  castlx  simalated  b\ 
placing  an  elongated  lensmg  mass  distribution  between  com¬ 
ponents  A.  A  .  B  and  C  I  he  lensmg  is  much  more  likelx  to  be 
the  result  of  it  single  galaxx  rather  than  a  cluster  ol  galaxies 
I  Young)  Voting  put  forth  a  possible  image  solution  m  which  a 
massive  spiral  galaxx  at  r  O  X  was  situated  between  all  three 
components,  but  closer  to  components  B  and  A  iloxxner.  ibex 
were  unable  to  detect  the  galaxx  at  m  —  21.5. 

The  present  work  attempts  to  lit  heuristic  models  to  out 
iHege  ct  at.  IdXO.  hereafter  Hegel  obserxattons  of  the  triple 
k>S()  m  blue  and  red  light  Anx  lensmg  galaxx  .hould  be 
brighter  in  the  red  obserxation  A  comparison  of  the  red  and 
blue  models  and  their  residuals  should  rexe.il  whether  there  is 
excess  red  tlux.  V  oung  has  nlreadx  reported  that  B  is  shghtlx 
redder  than  C.  and  we  attempt  to  go  a  step  further  and  show 
where  the  excess  red  tlux  originates 

It.  I)  X  I  X  XN  XI  XSIS 

I  he  triple  QS( )  xxas  obserxed  on  l‘)N(l  June  3  and  4  with  one 
mirror  'f  the  MMT  (Hegei  The  mtensilied  IMumbieon  tele 
xisum  images  were  logged  in  5  minute  sections  using  a  Sons 
half-inch  reel-to-reel  xideo  tape  recorder  I  he  red  passbaud 
was  set  k\  a  Schott  RG  "15  filter  and  photocathodc  eulol! 
t'l  N|)  S s< )( I  A)  I  he  hlue  band  was  delmed  hx  a  Il.>xa  B-VMi 
tiller  an  I  photocathodc  eutoli  l4|nO  4XIKI  Vi  I  he  xideo  da!' 
were  digitized  at  a  scale  of  approxtm  itclx  t!  I  pixel 

I  hi-',  ohsci-.  1'iotii  vvitc  m.i-k*  vuih  'hr  \t  =  1 1 1 .  pi*  Mnro*  U!-,se.>py  i 
■  M  '  ten  .  ■  ■!  : he  I  r  v  c  r  i  ’  v  of  \ - m . •  .1  r-.‘  ‘he  Srn i ' h  in  l Ms* 


I  lie  piv'cnt  xx o i  k  unpi  wed  upon  Hege  bx  using  a  more 
sophisticated  rapid  euulei  and  bettei  llat-tielder  technique' 
liege  mtegiated  I  s  of  xideo.  determined  the  peak  intcnsitx 
within  a  2'  ■  2?  pixel  i2  '  2  5)  window  to  the  nearest  pixel, 

then  stacked  the  Inmcs  -■  that  the  peak  was  alwaxs  at  the 
center  ol  he  lina!  neat  I  he  - \ steni.itics  m  the  backg'ound 
were  appt oximaled  bx  stiln: acting  die  same  blank  l;eid  of 
xideo  Iron  each  I  s  integration  I'liere  xxere  two  problems  with 
till'  tech u iq  ue .  1 1 )  all  shift  mg  ot  the  image  was  performed  on  I 
s  integral!  -ns.  although  the  data  showed  oIixmiis  moxcnientx 
oil  a  H  I  s  ome  scale.  (2l  iin  background  stib  r  iction  'tillered 
from  detcN  tor-  and  digitizer -induced  elleets  which  wee  not 
guided  the  amc  wax  and  therefore  were  not  statistical!)  rep¬ 
resentative  I  he  tlat-tiekling  was  adequate  fot  tl  it  analx 'is  hut 
had  to  he  i  •  proved  lor  the  model  titling  discussed  below 

I  he  present  analx'is  red,  ccd  the  elleets  of  both  these  prob¬ 
lems  Onlx  o  |  s  of  data  was  integrated  before  stacking,  increas¬ 
ing  the  postgtudet  bandwidth  oxer  Hege  b_\  a  factor  of  10  The 
rows  were  summed  to  find  the  x-axts  peak,  and  the  columns 
summed  to  rind  the  .  axis  peak,  allowing  use  ol  all  of  the  data 
m  the  22  -  25  pixel  window  This  improved  the  guiding  xta- 
tisties.  therebx  allowing  the  shorter  integrations  Orthogonal 
one-dimen- Mtial  paiaholae  were  fitted  to  the  intensities  of  the 
pixel  of  the  peak  and  ;  3  pixels  from  this.  Vn  example  is  shown 
in  f  igure  !  I  he  peak  location  given  hx  the  the  paiaholae 
determined  the  pixel  that  would  be  shifted  to  the  center  >1  the 
stacked  an  ax 

Although  more  sophisticated  and  a  belter  statistic  ii  icp 
rc'cntaiion  of  the  rapid-gtinhng  averaged  Hat  held  than  in  the 
previous  work,  the  tl.it Tickling  was  still  quite  simple.  I  he  end- 
points  of  a  linear  baseline  which  was  subtracted  from  each  row 
and  column  were  just  the  average  ol  4  pixels  * 0  4 1  at  iloi  a 
cohminl  the  top  and  bottom  of  the  array  llte  .tlp-'nthm 
stepped  t In i nigh  the  arrax  lining  a  line  at  a  time  I  his  process 
eliminated  .lock  noise,  seen  as  vertical  "  spins"  about  !  n 
apart,  am!  a  background  slope  t  VI  R  artifact  induced  bx  auto¬ 
matic  gam  contioll  wind’,  xxas  scxeml  pereen’  ol  th  peak 
x  a  I  uc 

One  ol  the  biggest  ptoHei.is  xxtlh  'hat  da)  i  set  is  that  xxe 
haxe  no  del  intixe  c.ilihi uiioti  of  the  .  io  i  pixel  scale  there 
being  appii  ximatelx  ,  I  4  stretch  in '.lie  .  dncction.  the  pi...: 
siou  n|  the  'epoiled  positions  is  limited  bx  thi'  scale  ,.neet- 
i.uiio.  Iin-  ibsolnte  xomponeiil  scpuiutions  ii  ported  in  Hege 
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I  lt«  '  l\ll  jhi  ‘i ntN  Jo  .If!  If  i  S  Jala  fflctlf  fit'll  I  he*  Side  Is  ihc 

su rrnuli.-n  of  the  rnws.  the  njih'  side  ♦»!  the  t.*>lumin  I  In*  column  summatuui 
is  m.ieb  neither  due  \e  the  < '*Ki  e'.en  elU\'  .  >!  iele\i'i«»n  held  miefl.iung  !  lie 
. h « ' ; v t*  •  1  *  '  pi  xei .  '  jx  i  reasi**'. itsle  estini..1 .  ■*  !  he  seeine  o/e 

and  in  Hege  i  f  ,./  l  ldX|  i  arc  sufficient!)  imprecise  to  be  consis- 
lem  with  the  recent  verv  accurate  measute  of  the  \-A  com¬ 
ponent  separation  observed  bv  fov 

I  Me  elliptical!)  concentric  (iaussians  tone  prim.inh  to  tit 
the  peak,  the  other  to  tit  the  wingsi  served  as  the  basic  point- 
spread  ’unction  PSTi  The  wing  Ciaussian  had  the  same  ellip¬ 
tical  shape  and  rotation  as  the  peak  Ciaussian  A  simplex 
routine  it  aecci  and  t  aeheris  I9K4i  was  used  to  lit  the  center  (  v 
and  it.  'otation  angle  iih.  peak  amplitude  >  It.  and  semimajor 
aves  m  md  h i  ot  the  peak  Ciaussian.  and  the  relative  width  and 
relative  amplitude  that  sealed  the  two  Ciat.ssians  iable  I  lists 
the  results  of  the  tits  for  both  the  blue  and  red  images 

fhe  -2  parameters  vvete  allowed  to  (tt  free  I  v  arts/  tndepen- 
dentlv  except  tot  the  major  and  minor  axes  of  the  A  and  A' 
components.  which  were  constrained  to  be  the  same  These 
results  are  characterized  bv  a  strong  similar)!)  of  the  shape- 
detinmg  I’Sf  parameters  1 1 he  last  live  m  each  column).  with  the 
single  outstanding  (factor  of  |(I|  exception  being  the  peak  wing 
amplitude  ratio  lor  the  red  B  component  I  he  heuristic  model 
revealed  something  f  urther  analvsis  is  required  to  test  its  sig¬ 
nifies  nee 


Taking  advantage  of  the  llcxibililv  of  the  simplex  toiitmc. 
the  procedure  m  lilting  the  images  was  to  iterate  components 
AA  and  BC  as  follows  Imtiallv  the  base  level,  relative  ampli 
Hide  and  width,  and  position  angle  were  fixed  while  lilting  all 
four  components  simultaneous!)  f  rom  this,  a  rather  good  lit 
to  A  and  A  w  as  obtained  (peak  signal-lo-noisc  ratio  of  no  over 
the  whole  imagel  The  tits  to  B  and  C  were  poor  due  l  >  their 
weakness  compared  to  A  and  A  I  lie  fitted  A  and  A  models 
were  then  subtracted  Irom  the  image  f  ull  eight-parameter 
models  (all  tree  to  iterate)  were  nevt  lilted  to  B  and  C  These 
models  were  subtracted  from  the  onginal  image.  We  iterated 
back  and  forth  between  A  A  and  BC  in  this  manner  until  the 
tits  had  converged  adcqualelv 

Ml  Kisi  |  Is 

The  best-lit  models  and  residuals  tuata  minus  model)  are 
shown  for  blue  and  red  images  in  figures  2  and  .V  The)  show 
the  models  to  be  in  excellent  agreement  with  the  data  for  both 
the  red  and  blue  images  The  largest  discrepance  is  on  the  right 
side  of  the  A  A  peak  (inside  the  dashed  line)  This  is  due  to  a 
videotape  recorder  t\TRi  nonlinearilv  which  is  understood 
but  could  not  be  simple  modeled  to  eliminate  it.  The  dashed 
region  was  not  used  in  the  model  lilting  because  of  this  known 
ellcct 

I  lie  blue  model  is  a  bet  let  lit  than  the  red  It  is  cleaner,  more 
selt-consistent.  and  because  the  signal  was  smaller,  less  subject 
to  the  V  I  R  nonlinearilv  which  is  manifest  in  proportion  to  the 
degree  of  video  saturation  I  he  ruts  amplitude  of  the  residuals 
is  6  4  mag  below  peak  signal  value  n  e..  the  center  of  the  com¬ 
bined  A  A  peak)  The  largest  residual  lies  on  the  50".  contour 
ol  the  original  data  and  is  4X  mag  below  peak  value  We 
emphasize  that  the  blue  models  ol  A.  A'.  B.  and  C  all  have 
approximate!)  the  same  width  and  shape:  the  PSFs  ol  each 
peak  are  consistent  to  within  JO'  when  the  parameters  are 
allowed  to  van  independent!) 

To  show  that  all  four  components  in  the  blue  image  can  be¬ 
fitted  satisfactorilv  by  a  single  PSf  .  we  created  a  model  in 
which  A.  A  .  B.  and  C  have  the  same  PST  (Tig.  4|  The  widths, 
position  angle,  relative  amplitude,  and  relative  width  that 
determine  this  PSI  arc  the  average  values  of  the  respective 
parameters  in  the  tits  to  the  four  components.  Table  2  lists  the 
parameters  that  determine  the  model  I  he  residuals  after  sub- 
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Use  ot  matched  filtering  to  identify  speckle  locations. 


.'Hi  1  t  o  u 
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<-•  mainly  to  Poisson  noise, 
shape  of  faint  speckles, 
nks,  such  as  binary  stars. 


1  the  ah i f  t - j n J - 
inherent  in  the 
The  problem  is 
As  a  remedy,  wo 


that  the  it 
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.  a  1  at -3 a  s p . 
1  the  mean 
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s  to  trie  mean  speckle  itself:  a  matched  filter, 
bell  function,  slightly  wider  than  the  expected 
;ed  to  locate  filtered  speckle  maxima  which  are 


a  •  > .'  k  :  e  converges. 

live  speckle  estimate  is  not  the  optimum  matched  filter.  The 
it  suppress  the  variable  background  created  by  coalescing 
e  cloud  as  well  as  smooth  the  single-photon  event  noise.  Thus 
■sic  with  a  band-pass  filter  into  a  matched  filter.  Local 
enhanced,  whereas  single  photons  are  discriminated  against  by 
as  filtered  frame,  since  they  do  not  contain  much  power.  The 
identification  and  we i gh ted-sh i f t-and -add ,  can  be  carried  out 
.he  Fourier  plane.  We  have  experimented  in  both  domains. 

Sh  l  f  t  -  and  -  Add  methods 

.  -Id  of  stellar  speckle  interferometry2'-*  are  directed  towards 
.ho  observed  objects.  A  great  deal  has  been  done  to  reconstruct 
is  to  combine  with  their  power  spectra  in  order  to  obtain  the 
ho.; ,  known  as  the  Sh  i  f  t-a  nd  -  Add  techniques,  try  to  retain  the 
he  original  speckle-gram. 
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sit  it  toast  one  rouricr-p.: 
intensity  in  the  specklegr 
the  frame  can  be  shifted 
f  t  e  d  frames  will  yield  the 
neck’  grams.  This  is  known 
H>  devised  an  approach  that 
also  the  brightest  local 
mpl  : :  vJe  d*.*  1  ta - f  unc t  ions  is 
A  cross-correlation  of  th: 
i  the  ..-enter,  producing  a  si 
iher  efficiency). 


our ier -plane  phase  is  easy  ta  find:  that 
specklegram  frame.  If  the  displacement 
a  shifted  to  place  this  maximum  at  its 
yield  the  iverage  intensity  around  the 
is  known  as  the  Shift-and-Add  routine, 
oach  that  locates  not  gust  the  absolute 
:•  s  t  local  maximum  (after  some  initial 
ictions  is  created,  corresponding  to  the 
ion  of  this  set  with  the  original  frame 
ucinq  a  similar  result  to  the  Shift-and- 


uitiplied  (or 
correlated  in 
!  t  i  o  n  c,  average 
•  wer  3 pc-  -from 
-  n  t h “  final 


t -v  •  tie  so  two  methods  is  the  seeing  calibrated  Weighted 
w:i  method,  ail  the  local  maxima  ate  found,  and  a  set  of 
actor  Jinij  to  their  locations.  Each  one  of  these  delta 
weighted)  by  •  _•  intensity  of  the  corresponding  maximum, 

the  Fourier  plane  with  its  set  of  weighted  delta  functions 
J.  Finally  the  average  cross-correlation  is  deconvolved  by 
of  the  delta  functions  in  order  to  reduce  the  atmospheric 
r  s  u  1  t . 


s-.-r  .  it  ions  reported  here  were  obtained  at  Kitt  Peak  National  Observatory,  a  division 
h  -  -  National  Opt i  -  at  Astronomy  Observatories,  operated  by  the  Association  of 
frillies  for  Pc  -i  .search  in  Astronomy,  Inc.,  under  contract  to  the  National  Science 

i it  ion. 

lsitini  Astronomer,  Kitt  Peak  National  Observatory. 

s  i  t  i  r.  j  Astronomer  !  r  the  :ir-pt.  of  Astronomy,  New  Mexico  State  University,  Las 
V  M  8  3  3  3  3 . 
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All  realisation:;  of  the  Sli  l  f  t  -and  -  Add  i  •  • :  i  n  i  ■  j  n  •  h.i  n--  ;  t  in  ■  -<j  in  :n  •  jii  ;  tiny  r  !  y 

3  t  ron  j  1  y  on  finding  lost]  maxima  and  on  tin-  i  -,  s  u  m  p  ‘  1  -.  n  t  !i  i '  l!io:,r  arc  equivalent  to 
speckle  locations.  Shot  noise,  a  t  x.ospher  l  '  effects  and  o:  ject  morphology  can  ail 
invalidate  this  assumption. 

Due  to  Poisson  statistics,  the  nanua'r  of  maxima  can  no  in:  -h  l  it  net  than  the  number  of 
speckle's.  It  the  intensity  of  the  obje't  is  low,  theie  ate  some  speckles  wtiich  will 
contain  only  one  photon,  with  no  structure  infutm.it  i«>n  in  i  .  If  t  tie  obje.-f  has  i  w  i  -!•  • 
maximum,  t  lien  both  Poisson  noise  an. I  atmospheric  plu  ;•  •  flu  •  t  u  iti  -ns  miiiit  iis!  -it  its. 
imj.je  and  cteate  a  spurious  |.val  maximum.  Finally,  the  u  b  j  e 1  .-(,u  1 d  be  multiple- 
peaked,  which  can  to  mistaken  as  many  speckles,  wits  the  1  inal  t  suit  tesembl  ing  an 
auto -correlation  instead  of  an  image. 


The  problem  to  address  is  how 
of  different  intensity  in  a  non 
peaked.  If  there  is  no  know-led- 
there  is  full  know  1 e d  g  e ,  mat  c h e 
cases  prior  information  about  t i 
speckle  interferometry  which  pro 
use  matched  filtering,  w hich  is 
estimate  provides  a  filter,  whi 
algorithm  detects  ill  maxima  above  a  threshold 
shifted  to  the  centre  (by  any  of  me  ,ih  i  t  t -a  :id- Ad 
over  a  few  frames,  we  have  a  better  estimate  for 
a  matched  filter  for  the  next  frames.  After 
refinements  to  the  estimate  are  in  the  finer  .iota 


Matched  filter  apn i on c n 
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Suppose  we  have  an  image  of  o  .: :  object  o(x,y)  with  in  additive  noise  n(x,y)  -whose 
power  spectrum  is  i>  (u ,  v)  .  We  denot-.-  quantities  in  t  h  •*  Fourier  transform  by  capital 
letters,  i.e.  FT{o(x,y)}  =  0(u,v).  We  now  apply  a  filter  to  the  noisy  frame,  and  require 
that  the  S/S  Dower  ratio  is  maximal  n  the  outnut  of  t  h->  filter.  As  a  result  we  get  for 
the  filter6 


w  n e  re  -  i 
w  •_>  can  s  t: 


-  2H-  -  x  *  '•'  V  -.- ,  'j'ii,-.-' 
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P  arid  pat,  in  reference  to  some  arbitrary  point  (xr),yQ): 
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Transforming  back,  the  filter  will 
respect  t.  o  the  point  (x,_  ,y0) . 
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reverse: 


object  in 


doing  through  the  assumptions  leading  to  the  above  -derivation,  wo  find  some 
departures  from  our  case.  the  main  ones  are:  (a)  the  exact  shape  of  the  object  is  not 
known;  (b)  speckle  power  is  variable  and  can  be  below  noise  level;  (c)  white  noise 
spectrum  cannot  describe  properly  the  speckle  and  Poisson  processes;  (d)  the  low-pass 
filtering  inherent  in  the  application  of  the  matched  filter  hinders  detection  of  close 
speckles,  especially  for  larger  objects.  None  of  these  departures  invalidates  the 
process,  and  we  describe  what  has  been  done  in  order  to  reduce  their  effect. 


We  have  used  our  algorithm  with  different  initial  guesses,  in  order  to  test  its 
sensitivity  to  the  fact  that  the  object  shape  is  not  really  known.  We  found  that  for 
sufficient  iterations  and  an  initial  guess  not  smaller  than  the  object  (whose  size  can 
be  inferred  from  the  power  spectrum),  the  process  always  converged  toward  the  same 
answer.  Specifically,  a  Gaussian  be  LI  of  the  approximate  size  always  seems  to  be  a 
proper  initial  guess  (fig.  1). 
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Trie  t  w  last  problems  regarding  the  statistics  of  the  atmospheric  distortions  and  the 
detection  process  seem  to  be  more  severe,  especially  because  of  the  lack  of  a  full 
theory.  The  models  describing  the  speckle  process  usually  work  well  in  the  pupil  plane, 
whereas  we  are  interested  in  a  statistical  description  of  speckles  in  the  image  plane. 
We  are  trying  to  combine  a  partial  model  for  Sh i f t-and- Add '  with  our  own  measurements  to 
produce  a  better  model  for  the  specklegram  .  In  essence,  it  seems  possible  to  describe 
a  speckle  pattern  as  a  triple  convolution  of  the  object  with  the  telescope  and  with  an 
infinite  set  of  delta  functions  (fig.  2).  The  latter  has  a  random  distribution  of  both 


locations  and  intensities  governed  by  tne  atmosphere.  During  detection,  shot  noise  is 
added  to  the  speckle  pattern,  and  the  result  is  convolved  with  the  detector  transfer 
function.  In  the  different  realizations  of  Sh i f t -and-Add  an  effort  is  made  to  proceed 
in  the  reverse  direction.  An  estimate  of  a  subset  of  the  delta  functions  is  produced, 
the  original  specklegram  is  deconvolved  by  it,  and  the  result  averaged  over  many 
frames.  From  this  average  it  is  possible  to  remove  the  atmospheric  seeing  background 
(due  to  the  incompleteness  of  the  subset  of  delta  functions)  and  the  central  photon 
the  Poisson  statistics).  Doth  are  done  using  appropriate  models.  Another 
by  the  telescope  transfer  function  (reduced  from  an  unresolvable  star)  is 
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Figure  2.  An  image  of  an  unresolvable  star  (Zeta  Aquurii  A)  with  the  2.28  telescope  at 
7  5  3  +.  1  2  nm,  showing  the  (aberrated)  telescope  point  spread  function.  Logarithmic 
intensity  scale.  All  figures  are  with  north  down,  east  to  the  right. 

Despite  the  fact  that  it  is  possible  to  remove  the  seeing  background  and  photon  spike 
from  the  final  image,  it  is  preferrable  to  devise  a  matched  filter  that  would  directly 
give  the  right  answer.  Since  some  information  is  available  about  the  power  spectra  of 
the  Poisson  noise  and  the  seeing,  we  incorporate  it  into  the  matched  filter  while 
performing  the  iterative  data  reduction.  In  the  Fourier  plane,  the  main  effect  of  the 
seeing  background  is  in  the  very  low  frequencies,  whereas  the  frequencies  at  which  the 
Poisson  noise  is  not icable  are  high,  usually  beyond  the  telescope  diffraction  limit. 
Thus  the  total  noise  power  spectrum  (eq.  1)  is  more  accentuated  at  the  very  low  and  very 
high  frequencies.  Dividing  the  object  transform  by  this  power  spectrum  is  equivalent  to 
multiplying  it  by  its  reciprocal,  i.e.  a  band-pass  filter. 

The  combination  of  a  band-pass  filter  with  the  object  produces  an  optimum  matched 
filter  which  is  now  applied  to  the  specklegram.  Still,  one  can  look  at  this  as  a  triple 
convolution  between  the  inverted  object,  the  band-pass  t liter  and  the  frame.  The  band¬ 
pass  filter  partially  solves  both  problems  (c)  and  (d)  discussed  earlier.  It  smoothes 
out  single-photon  events  below  the  threshold  level,  so  that  they  are  not  regarded  as 
speckles.  At  the  same  time  it  sharpens  the  wide  auto-correlations  between  the  speckles 
and  the  object,  and  as  a  result  the  efficiency  of  detecting  speckle  maxima  increases. 

App 1 i co t i on  and  results 

The  first  reductions  were  done  in  image  space,  in  an  approach  similar  to  the  simple 
3 h i f t - a nd - Add .  An  estimate  of  the  object,  usually  a  Gaussian,  was  slid  along  and 
multiplied  with  the  frame  (image  plane  correlation).  At  the  same  time  a  smoothing 
function  (a  wider  Gaussian)  was  correlated  with  the  frame.  Every  local  maximum  that  was 
higher  in  the  filtered  frame  than  in  the  smoothed  frame  was  counted  as  a  speckle,  and 
the  corresponding  part  in  the  original  specklegram  was  added  to  the  running  sum.  With 
very  bright  objects,  where  the  photon  noise  is  negligible,  the  result  appeared  after 
only  one  frame.  The  computational  efficiency  of  this  method  was  rather  low,  especially 
for  larger  objects  which  demanded  many  multiplications.  The  advantage  was  that  only  one 
full  frame  resided  in  memory  at  any  time. 
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